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FOREWORD

David M. Wilt
NASA Lewis Research Center

The Thirteenth Space Photovoltaic Research and Technology (SPRAT) Conference gathered
representatives from 26 commercial corporations, 8 universities and 7 governmental agencies, including
Europe, for two and a half days of presentations and discussions regarding the status and future of space
photovoltaics. The conference was well attended, with over 100 attendees, and included 38 technical
papers, 6 program reviews and 5 workshop discussions.

The effects of shrinking research and development budgets were evident in the focus and tone
of this SPRAT. Most attendees appeared to be oriented toward near term, system oriented projects and
fewer were involved in long term, high risk research. It was generally agreed that space power
requirements would continue to move toward smaller (<2 kW) power levels. Most future applications are
believed to be in traditional orbits (LEO,GEO) although interesting opportunities may be found in high
radiation, mid-altitude orbits useful for global communication networks. New solar cell devices and
materials will be difficult to introduce unless they are mission enabling, or offer significant cost and/or
performance benefits. The attendees were unable to come to a consensus regarding the type of array
(eg. rigid, concentrator, flexible) suitable for specific missions. Many factors outside the realm of
photovoltaics influence the selection process. These topics and many more are covered in the following
pages of this record.

Organizing and conducting the SPRAT conference requires a dedicated committee. The
members of my team were: Navid Fatemi as logistics chairman, George Rybicki as publications chairman,
Dennis Flood as conference mentor and Pat Nicewander as (the glue that holds everything together).
The committee was also assisted by Karen Wester who organized the social functions. Their efforts and
attention to detail were responsible for the success of this conference and the maintenance of my mental

health.
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GODDARD SPACE FLIGHT CENTER SOLAR ARRAY MISSIONS,
REQUIREMENTS AND DIRECTIONS

Edward Gaddy and John Day
NASA Goddard Space Flight Center
Greenbelt, Maryland

ABSTRACT

The Goddard Space Flight Center (GSFC) develops and operates a wide variety of spacecraft for
conducting NASA’s communications, space science, and earth science missions. Some are “in
house” spacecraft for which the GSFC builds the spacecraft and performs all solar array design,
analysis, integration, and test. Others are “out of house” spacecraft for which an aerospace
contgactor builds the spacecraft and develops the solar array under direction from GSFC. The
experience of developing flight solar arrays for numerous GSFC “in house” and “out of house”
spacecraft has resulted in an understanding of solar array requirements for many different
applications. This presentation will review those solar array requirements that are common to
most GSFC spacecraft. Solar array technologies will be discussed that are currently under
development and that could be useful to future GSFC spacecraft.

BACKGR D

The GSFC both purchases and manufactures spacecraft. For the purchased spacecraft, GSFC
supplies a spacecraft specification to a manufacturer who then purchases or fabricates the array.
The spacecraft specification usually has in it a general specification which covers the power
system and the solar array. Such spacecraft under development by the GSFC are: Total Ozone
Mapping Spectrometer (TOMS), National Oceanic and Atmospheric Administration Spacecraft
(NOAA)-J, NOAA-K, NOAA-L, NOAA-M, NOAA-N, and NOAA-N prime, Global Geospace
Science (GGS)-WIND, GGS-POLAR, Geostationary Operational Environmental Satellite
(GOES)-J, GOES-K, GOES-L, Tracking and Data Relay Satellite (TDRS) F-7, Landsat-7,
Advanced Composition Explorer (ACE), Earth Observing Spacecraft (EOS)-AM, EOS-PM,
SPEC, CHEM, TDRS H, 1], and Hubble Space Telescope (HST) Servicing Mission
Replacement Array. Some of the characteristics of the arrays on these spacecraft is summarized
in Table I.

The GSFC also manufactures some spacecraft. In these cases, GSFC and specifically the Space
Power Applications Branch develops and purchases solar arrays. GSFC has a greater influence
on the specifics of these solar arrays as opposed to the arrays on the out of house spacecraft.
These arrays have provided us with knowledge of the requirements for spacecraft solar cells and
some insight into what technologies will be most helpful for the future. Spacecraft in this group
include the Small Explorer (SMEX)- 2 also known as the Fast Auroral Snapshot (FAST), the
X-Ray Timing Explorer (XTE), SMEX -3 also known as the Submillimeter Wave Astronomy
Satellite (SWAS), the Tropical Rainfall Measuring Mission (TRMM), SMEX 4, 5, and 6; and the
Far Ultraviolet Spectroscopic Explorer (FUSE). Table II summarizes some of the array
characteristics of the spacecraft in this category.

The GSFC also operates spacecraft. Some of the spacecraft the center currently operates include:
the International Ultraviolet Explorer (IUE), the International Sun Earth Explorer subsequently
renamed the International Cometary Explorer (ICE), the Earth Resource Budget Spacecraft
(ERBS), the Cosmic Origins Background Explorer (COBE), the Hubble Space Telescope
(HST), the Gamma Ray Observatory (GRO), the Upper Atmosphere Rescarch Satellite (UARS),
the Extreme Ultraviolet Explorer (EUVE), and the Solar Magnetospheric Particle Explorer
(SAMPEX).Table IIT summarizes some of the array characteristics of the spacecraft arrays in this
category.



Table I
GSFC Out of House Solar Arrays Currently in Development

Life Array Cell Array/Cell
S/C Launch (yrs) Orbit Type Type Manufacturer
TOMS 1994 3 LEO rigid, deployable BSFR, TRW, ASEC
silicon
NOAA-J 1994 2 LEO rigid deployable, BSR, MM, ASEC
tracking silicon
GGS 1994 3 sun earth rigid, body mount, BSFR, MM, ASEC
WIND libration  electrostatically clean  silicon
GGS 1995 3 elliptical rigid, body mount, BSFR, MM, ASEC
POLAR electrostatically clean  silicon
GOES-J 1995 5 GEO rigid, deployable, BSR, Loral,
tracking silicon Spectrolab
TDRS-7 1995 10 GEO rigid, deployable, BSR, TRW, ASEC
tracking silicon
Landsat 1998 5 LEO rigid, deployable, BSR, MM, TBD
-7 tracking silicon
ACE 1997 2 sun earth rigid, deployable BSFR, APL, Spectrolab
libration silicon
EOS- 1998 5 LEO flexible, deployable, 5.5 mil MM, TRW,
AM ' tracking GaAs/Ge ASEC
NOAA  1996- 2 LEO rigid, deployable, BSR, MM, TBD
K,LLM 1999 tracking silicon
HST 1999 5 LEO TBD TBD TBD
Servicing - :
EOS-PM 1998- TBD  TBD TBD TBD TBD
SPEC 2003 ; X
CHEM |
TDRS 1999- TBD TBD TBD TBD TBD
H,I,J] 2001 .




Table II
GSFC In House Solar Arrays Currently in Development

Life Orbit Array Cell Array/Cell
S/IC Launch (yrs) (km) Type Type Manufacturer

FAST 1994 1 350x4200 rigid, body mount, GaAs/Ge TRW, ASEC
faraday cage

XTE 1995 2 600 rigid, deployable, BSFR, Spectrolab

tracking silicon

SWAS 1995 3 600 rigid, deployable GaAs/Ge Spectrolab

TRMM 1997 3 350 rigid, deployable, GaAs/Ge  TRW, ASEC
tracking

SMEX 1996- TBD TBD TBD TBD TBD

4,5,6 1999

FUSE 2000 TBD TBD TBD TBD TBD

REQUIREMENTS FOR A ELL

A solar cell of a given type must have undergone the following tests before we will consider it
for use on a in house spacecraft solar array. Except as noted below, existing silicon and gallium
arsenide and gallium arsenide on germanium solar cells meet these requirements almost
flawlessly. These requirements are frequently not explicitly stated by GSFC specifications, but in
one way or another they are present.

1. The solar cell’s beginning of life current versus voltage characteristics must be determined as a
function of temperatures from -80C to +80C for low earth orbits. Ideally, this range is extended
to -180C to +80C to cover geosynchronous orbits.

2. The solar cell’s current versus voltage characteristics must be determined as a function of
amount and kind of hard particle radiation. In other words, the solar cell must be exposed to
electrons and protons of varying energies and of varying amounts in ground tests to determine
suitability for use on spacecraft. This exposure must generally be thorough enough so that the
radiation in space can be converted into an equivalent number of 1 Mev electrons and to
determine the solar cell’s end of life current versus voltage characteristics as a function of
temperature from -100C to +100C.

3. The solar cell’s performance must be determined as a function of its degradation due to the
exposure to sunlight, particularly the ultraviolet component. The equivalent of a one year’s
exposure on an accelerated basis is considered to be satisfactory.



Table III
In - Orbit Spacecraft Currently Operated by GSFC

Orbit Altitude Solar Cell Array/Cell
Spacecraft Launched (km) and Solar Array Type Type Manufacturer
, Inclination (°)
IUE 1/78 30,210 x rigid, deployable, BSR, silicon GSFC, ESA
41,343, 33.8° fixed AEG
ISEE-3 8/78 sun earth rigid, body BSFR, silicon GSFC,
later known libration point, mounted Spectrolab
as ICE followed by

lunar swing by
and cometary

encounter
ERBS 11/84 590, 57 rigid, fixed Ball,
Spectrolab
COBE 11/89 873 x 885,99  rigid, deployable, BSFR, silicon GSEC,
fixed Solarex
HST 4/90 600, 28.5 flexible, roll out, BSFR, silicon = Marshall,
tracking ESA, BAe,
AEG
GRO 4/91 370, 28.5 rigid, deployable, BSR, silicon TRW, ASEC
tracking
UARS 9/91 570, 57 rigid, deployable, BSFR, silicon GE, ASEC
tracking
EUVE 6/92 520, 28.4 rigi(-i, deployable, BSFR, silicon GSFC, FSC
Solarex
SAMPEX 7/92 509 x 679,82  rigid, deployable GaAs/Ge GSFC, FSC
fixed Spectrolab



4. The solar cell’s performance must be determined after exposure to thermal cycling. Generally,
a solar cell in a low earth orbit will be exposed to on the order of 5,500 cycles from -80C to
+80C each year. Most GSFC spacecraft have a lifetime of two years or more, and the cell must
be tested to such a flight environment. Further, the test showing competence in this area should
have the solar cell fixed to a panel as this is the condition under which the solar cell must actually
perform. The condition of making electrical connection to the solar cell and mounting it to a
substrate makes this test significantly more strenuous than just cycling the solar cell. If the solar
cell is to be used in a geosynchronous orbit, it must be able to withstand very roughly eighty
cycles per year as extreme as -180C to +80C.

5. The solar cell must not degrade due to the humidity in an air-conditioned room over many
years. The solar cell must not degrade due to humidity exposer in an unconditioned atmosphere
for several days, such as at launch and during shipment. The solar cell’s resistance to humidity is
traditionally proven by exposing the solar cells to 90% relative humidity at 45C for 30 days with
the requirement that the solar cell not degrade more than 2% in peak power. This test is to some
degree arbitrary. Exactly how well a cell must do in the test to show that it performs well under
the conditions of the real world is not well determined. Consequently, this test could be
weakened if it a cell manufacturer could show that it made an unduly pessimistic prediction for a
new type of solar cell.

6. The solar cell’s absorptance must be measured.
7. The solar cell’s weight density must be determined.

8. The GSEC occasionally has missions with magnetic specifications that require no magnetic
materials be used in the fabrication of the solar cell.

9. A darkened solar cell must be able to withstand reverse bias to approximately 10 percent more
current than its short circuit current or to a voltage, typically around 50 volts, that is determined
by a combination of the power system and array performance. Whichever of the requirements is
least severe governs. This requirement is not met flawlessly by gallium arsenide or gallium
arsenide on germanium solar cells unless they are first screened.

10. Although GSFC frequently does not specify cell size, sizes under 2 cm by 4 cm are not
practical due to laydown cost. This requirement is of course flexible if the benefits of a small
solar cell can be shown to outweigh the cost penalty. For example, we would gladly fly 50%
efficient 2 cm by 2 cm solar cells.

11. It must be possible to fix an interconnect strongly enough to a cell so that it can take small
bumps and thermal cycling without coming off. To prove this, the contacts on the solar cell must
withstand a 1.5N pull test before and after being exposed to humidity. As in the case of the
humidity test, this requirement is somewhat arbitrary and can be modified if it can be shown that
it is too severe for a particular solar cell.

12. A completely new type of solar cell must be flown on a balloon to determine its output.

13. Very likely. a completely new type of solar cell would have to be flown on a limited basis in
space before using it as a primary source of power.

15. Any organization manufacturing solar cells must have a significant quality assurance effort
and be financially stable. In terms of quality, this means that the organization should meet or
come close to meeting the requirements of MIL-Q-9858.



REQUIREMENT R H E LA

In addition to the above for solar cells, the following requirements for solar arrays apply. These
requirements are explicitly stated in GSFC specifications.

The array must meet configuration, maximum weight, minimum beginning of life power,
insulation resistance, cleanliness, outgassing, mechanical, and miscellaneous requirements such
as temperature sensor accuracy. The array must also meet specifications on resistance to
accidental damage, resistance to damage by storage temperature and humidity, and resistance to:
ultraviolet radiation, atomic oxygen, micrometeroids and space debris and shadowing.

The array’s performance after thermal cycling must be proven in a life test which includes
samples of every component which will be mounted on the flight arrays. Although solar arrays
have been manufactured for many years, this requirement is still frequently not met flawlessly.
The array’s performance test must be proven after exposure to vibration or acoustic. This test is
generally met without difficulties.

The flight array must be acceptance tested by exposure to eight thermal vacuum cycles and
exposure to acoustic. The thermal vacuum cycles again are frequently not flawless.

We occasionally require that no magnetic materials be used on the solar array and/or that the array
be electrostatically clean. This usually means that the upper surface of the array be conductive.
The requirement is sometimes tightened to the extent that virtually every surface on the array be
conductive.

ALLIUM ARSENIDE VER ILI

Table IV summarizes the array characteristics of the spacecraft for which GSFC or its contractors
did a trade off between GaAs solar cells and silicon solar cells. The GaAs arrays cost
approximately 70% more on a per watt basis than silicon solar arrays, but because of the benefits
they provide, their system level cost is actually lower than silicon. For each spacecraft array in
Table TV, but with emphasis on TRMM, we summarize below the factors used in determining
whether to use GaAs or silicon.

Table IV
Summary of GSFC Solar Arrays with a GaAs versus Silicon Tradeoff
Array Cell Equivalent Array
Area Lifetime Altitude 1 Mev Delivery
Spacecraft  Cell Type (m?2) (yrs) (km) Electrons Date

SAMPEX  GaAs/Ge 1.7 3 450x 830 1.1 x 1013 Launched
XTE Silicon 15.5 2 600 4.6 x 1012 Aug. 94
FAST GaAs/Ge 2.6 1 350x4200 1.5x 1014  May94
TRMM GaAs/Ge 18.1 3 350 1.7 x 1012 May95
SWAS GaAs/Ge 3.6 3 600 9.6 x 1012 Sept. 94
EOS GaAs/Ge 35 5 705 54x 1013 Feb. 96



SAMPEX

The solar array for SAMPEX is very small. A silicon array could not meet the power
requirements for the spacecraft. This solar array and its cells were supplied by Spectrolab.

XTE

The solar array for the X-Ray Timing Explorer is fully designed and a contract has been let to
Spectrolab for its fabrication. The solar array consists of silicon solar cells on an aluminum face
sheet honey comb core substrate. Silicon solar cells were selected for this spacecraft primarily
because of the difficulties in obtaining accurate prices for gallium arsenide solar arrays. We had
limited pricing experience with the cells and most of the panel manufacturers had limited
experience working with the cells and hence a high price uncertainty. Had the array used gallium
arsenide solar cells, it would have been the first GSFC spacecraft array of a moderate size,
approximately 2,000 watts, to do so. The advantage of the gallium arsenide solar cells was that
their use would have prevented the necessity of a tracking solar array which would have
increased spacecraft reliability and removed the substantial costs associated with the tracking
mechanisms.

FAST

The solar array for FAST has been fabricated through a contract with TRW. The solar array for
the Fast Auroral Snapshot satellite is gallium arsenide. This array is area limited and the silicon
solar array of the required size could not supply the needed power. The cells are on an aluminum
face sheet honeycomb core that forms the outside of the spacecraft body.

As an aside, this array is particularly interesting in that it has no magnetic materials, has magnetic
compensation wiring directly under the solar cells and has a Faraday cage over its entire surface.
The Faraday cage primarily consists of covers with conductive indium oxide coatings. The
covers are interconnected in such a way that interconnects completely cover any insulating area
on the array.

TRMM

The solar array for the Tropical Rainfall Measuring Mission is fully designed and a contract has
been let to TRW for its fabrication. The solar array consists of gallium arsenide/germanium solar
cells on an aluminum face sheet honeycomb core substrate. Both gallium arsenide and silicon
solar cells were considered for the TRMM array. Table V provides a comparison of the resulting
arrays. In Table V the delay actuator is a device which prohibits fouling by the premature
deployment of one panel prior to deployment of another panel. The potentiometers are used to
monitor the deployment of the various panels.

The silicon solar cell array is, from Table V, approximately 45% larger than the gallium arsenide
array, a figure which G. C. Datum and S. Billets have also reported.! The smaller area reduced
the spacecraft’s fuel consumption and increased the probability of meeting a three year life. This
was a particularly important consideration. Table IT also shows that silicon array is 36% heavier.
The areal and weight advantage of the gallium arsenide array results because the gallium arsenide
solar cells offer approximately 40% more power on a per arca basis at operating temperature. The
GaAs solar cells greatly simplified the deployment of the solar array. This is important because
deployables are historically among the less reliable components of spacecraft. Further, the array
deployment would have to be tested on the ground and making a g-negation mechanism to allow
the TRMM silicon array to deploy would have been difficult almost to the point of impracticality
as each array wing would have consisted of six hinged panels.



Table V
TRMM Silicon versus GaAs Technical Factors Comparison

Parameter Si GaAs
Weight of Cell Stack, Wiring, Connectors

and Miscellaneous 48 kg 47 kg
Array Area 26.2 m2 18 m2
Array Operating Temperature 74C 87C
BOL Efficiency @ Operating Temperature 11.3% 15.8%
EOL Efficiency 9.4% 13.3
Number of Individual Panels 12 4
Number of Panel Hinges 20 4
Number of Delay Actuators 2 0
Number of Potentiometers 12 2
Mechanical System Weight 144 kg 94 kg
Total Weight 192 kg 141 kg
SWAS

The solar array for the Submillimeter Wave Astronomy Satellite is gallium arsenide. This array is
area limited and a silicon solar array of the required size could not supply the needed power. The
solar array for SWAS is fully designed and a contract has been let to Spectrolab for its
fabrication.

EOS

Although, most of the conclusions we draw below follow from our experience with in house
arrays, we here mention our most technologically advanced array which is for the Earth
Observing System, an out of house project. The EOS carries a flexible deployable array powered
with 5.5 mil thick gallium arsenide solar cells. This represents the first such use of these cells on
a flexible array. The trade which drove this array to the gallium arsenide solar cells was that the
array is on one side of the spacecraft and tended to rotate the spacecraft in flight. Using the
gallium arsenide array thereby enabled the attitude control system to use existing reaction wheels
rather than developing new ones.

TRENDS

The gallium arsenide solar cell offers a substantial improvement over silicon. Silicon solar arrays
are generally on the order of 40% larger when the operating temperature of the array is taken into
account. In most cases, the gallium arsenide solar cell offers a dramatic weight reduction



compared to silicon even though the gallium arsenide cells are heavier than silicon. This is
because reducing the array area reduces the size of the substrate, harnessing, number of covers,
amount of adhesive etc. This reduction more than compensates the weight difference between the
solar cell types. This is true in the overwhelming number of spacecraft solar arrays because they
use aluminum face sheet over aluminum honeycomb core substrates. As the weight of the
substrate decreases, the weight advantage of gallium arsenide solar cells becomes less. It is only
with extremely lightweight solar arrays that gallium arsenide on germanium solar cells result in
an array which approaches the weight of a silicon array for the same power. This happens on
lightweight deployable solar arrays using the thinnest commercially available silicon, 55 microns
thick, compared to the same array with gallium arsenide cells, 115 microns thick.2, Because
these arrays represent advanced technology they do receive a great deal of attention in the
literature, however there are only a handful of them flying and therefore their practical effect on
cell technology is limited.

The advantages of the GaAs solar cell, which derive primarily from its greater efficiency, suggest
that spacecraft solar cells for future spacecraft will be driven primarily by a greater power
density. With this statement in mind, the authors believe that the following solar cells offer the
greatest opportunity to improve spacecraft performance.

MULTI JUNCTION SOLAR CELLS

The authors believe that the qualification and development for production of these cells would
provide the greatest benefit at the least cost in the shortest time. Such solar cells have been
produced in the laboratory3-45 with AMO efficiencies of over 25%. If these solar cells are mass
produced at 24 percent efficiency they represent over a 30 percent improvement in state of the art
gallium arsenide solar cells. These cells will therefore multiply the considerable advantages the
gallium arsenide cells have provided. Additionally, the method of manufacture of these solar cells
suggests that the price will be competitive to gallium arsenide on germanium. This statement is
based on the assumption that making the cascade cell primarily entails leaving it in the reactor
which grows the various cell layers somewhat longer than is required for the gallium arsenide on
germanium solar cell. During this time, the reactor will automatically control the flow of gasses
to grow the additional layers. The time and labor involved in this additional processing is
probably minimal. There will also be an additional yield loss.

Because of the improved power density is so welcome, because the solar cell is in many ways
similar to gallium arsenide solar cells, because the cell is probably not significantly more
expensive and because several organizations have successfully produced versions of the cell, we
believe that the next most probable step in improving array performance is with the multi-junction
solar cell.

IMPROVED GALLIUM ARSENIDE SOLAR CELLS

Gallium arsenide solar cells have been fabricated with air mass zero efficiencies in excess of 21
percent. These solar cells offer a significant improvement to spacecraft power systems using
improved versions of existing solar cells. These are therefore a very valuable asset, if they can be
put into production.

INDIUM PHOSPHIDE SOLAR CELLS

These solar cells have been fabricated with air mass zero efficiencies of over 19 percent.” The
effect of radiation on these solar cells is significantly Iess than that for gallium arsenide cells of
approximately the same efficiency. Tobin reports that cells of this approximate efficiency degrade
4.7% after irradiation with 1014 1 Mev electrons. GaAs cells degrade 9% after the same



irradiation.® At this radiation level, these cells will therefore show about a 4% advantage over
gallium arsenide solar cells, provided both cells have the same initial efficiency. At 1015 1 Mev
electrons, GaAs solar cells have a degradation of 26%. At these radiation levels, and presuming
the InP cells retain an approximate 2 to 1 advantage over the GaAs cells in degradation means
that the indium phosphide solar cell will have about a 13% advantage over the GaAs solar cell.
However, the advanced GaAs solar cell has about a 10% advantage over the InP cell at beginning
of life and the multijunction cell has an approximate 30% advantage over the indium phosphide
cell at beginning of life. This means that only under the most extreme conditions of radiation will
the InP cell show an advantage over an advanced gallium arsenide cell and that it will never show
an advantage over a multi junction cell. As can be seen from Table I which is typical for most of
our spacecraft, the radiation damage is generally under 1014 equivalent 1 Mev electrons.

ADVANCED SILICON SOLAR CELLS

A variety of high efficiency silicon solar cells have been developed.® -10 11,12 These cells may
find application in space as competitors to GaAs and production silicon solar cells. To do this,
they must be tested to the cell requirements mentioned earlier, particularly because the cells may
be quite sensitive to radiation. Even if they are resistant to radiation or can be made so, the
authors believe that they do not overcome the advantage of the higher efficiency multi-junction
solar cells even considering the greater expense of the later technology.

THIN FILM SOLAR CELLS

Thin film solar cells offer the advantage of an enormous power to weight gains over any of the
solar cells discussed previously. To utilize this advantage a mechanism must be developed to
deploy them and this mechanism must also be light enough to not cancel the cell’s inherent
advantage. These cells are at a disadvantage at lower altitudes because of their larger area, which
is almost twice that of state of the art GaAs arrays. At these altitudes the large area creates an
adverse impact on the spacecraft attitude control system and on the ability of the spacecraft to
maintain altitude.

CONCENTRATOR SOLAR CELLS

The authors believe that concentrator solar cells are not useful to NASA spacecraft. This is
because they have a significantly detrimental cffect on spacecraft reliability. If non concentrating
solar cells are used on a spacecraft, the spacecraft can losc its ability to drive the arrays or it can
tumble for many hours and still be recovered. This is because arrays will supply about 30% of
their rated power in a random spacecraft tumble, about enough to keep a powered down
spacecraft going indcfinitely. If concentrator arrays are used, the arrays will supply only small
fraction of their rated power in a random spacecraft tumble. Under these circumstances the
typical spacecraft batteries will discharge after about four hours or three orbits. In short, the
concentrator arrays impose very strict requirements on the short term pointing reliability of the
spacecraft attitude control system and the solar array drive. Thesc requirements would be very
difficult to convincingly achieve. The likelihood of ever using these cells is therefore small.

FLEXIBLE SOLAR ARRAYS

The development of flexible, deployable solar array such as the Advanced Photovoltaic Solar
Array, (APSA)!3 | the Solar Array Flight Experiment (SAFE) and the Flexible Rolled Up Solar
Array (FRUSA) have enabled NASA to enhance the capability of two of its larger spacecraft,
namely EOS and HST. From the user’s point of view thesc deployable arrays enable a large
array to be packed in a small volume on the spacecraft. Unfortunately these arrays arc very
difficult to analyze mechanically, particularly with respect to the effect they have on the
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spacecraft’s attitude control system, they are mechanically complex and they are impossible to
end to end test. For these reasons, we avoid them until their advantages become very large .
However, as we gain experience with them, the authors believe that they will become more
popular.

The weight advantage of these arrays is substantial, although not as great as the prototype arrays
suggest. For example, the APSA has a power 10 weight ratio of 130W/kg. The EOS array, that
denived from APSA but had to overcome various practical constraints, has a power to weight
ratio of 32 W/kg. As an aside, this decrease is not due to the change from the thin silicon cells on
APSA to the GaAs cells on EOS, if the EOS array had weightless cells and covers, it would have
a power to weight ratio of only 43 W/kg. For reference the TRMM array has a power (o weight
ratio of 20W/kg, typical of many spacecraft.

FLIGHT TESTING ADVANCED SOLAR CELLS

To insure that advanced solar cells are flown as soon as practicable, it is necessary 10 fly them on
spacecraft as soon as ground testing indicates that they are a promising candidate but before
ground testing has fully qualified them. This is because even when solar cells are completely
qualified through ground testing, many projects are reluctant to fly them unless they have flown
before. The flight of small numbers of these cells on otherwise conventional arrays will provide
experience to the manufacturers, will gain the confidence of spacecraft managers, and will
complement ground based qualification. Such use of advanced solar cells will not generally
enhance a given project’s capability to meet its requirements and will therefore be resisted.
However, the price to be paid by the project is small, provided only minimal telemetry is
specified, and the benefits to the space program are large particularly in view of the several very
promising advanced solar cells. The Space Power Branch at GSFC is therefore recommending
that inexpensive low risk flight experiments be undertaken.

CONCLUSIONS

The GSFC has responsibility for a large number of solar arrays, some of which are powered by
GaAs solar cells. These gallium arsenide solar cells have provided a wide variety of benefits
including the preservation of spacecraft fuel, the enhancement of missions that would be severely
power limited without them, the simplification of array deployment mechanisms, and the
reduction of solar array weight. Because of the benefits these cells have provided are so useful,
we believe that the further test and development of high efficiency solar cells, particularly multi-
junction solar cells will further increase these already substantial benefits. These cells will
provide additional power at a modest increase in price. We are recommending that the GSFC and
other agencies start flying a small percentage of each of their state of the art arrays with advance
solar cells so that experience can be gained with these cells even before they are fully qualified to

be the primary source of power for spacecraft.

We have made the point that some areas of research seem to us to be less useful. In particular,
the future development of concentrator solar arrays does not appear to be a fruitful avenue to
pursue, at least for NASA spacecraft.

1G. C. Datum ef al, “Gallium Arsenide Solar Arrays - A Mature Technology,” Proceedings of the 22nd IEEE
Photovoltaic Specialists Conference, October 7, 1991, Las Vegas, NV p. 1422.

2p. M. Stella et al., “Thin Film GaAs for Space - - Moving Out of the Laboratory” Proceedings of the 23rd IEEE
Photovoltaic Specialists Conference, May 10, 1993, Louisville, KY. Figure 1, p. 22.
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BMDO PHOTOVOLTAICS PROGRAM OVERVIEW

Leonard H. Caveny
Ballistic Missile Defense Organization
Washington, DC

and

Douglas M. Allen
W.J. Schafer Associates
North Olmsted, Ohio

Outline

BMDO advanced solar array program overview
Brilliant Eyes type satellites

Electric propulsion

BMDO photovoltaic programs

Why concentrators?

lotfee concentrator and cell development
Entech linear mini-dome concentrators

Flight test update/plans

Conclusions

BMDO Advanced Solar Array
Program Overview

Primary need is for a better power source for Brilliant Eyes type
satellites

Lightweight and low cost systems are also needed to enhance
BMDO electric propulsion programs

Cooperation with other government agencles Is Important to address
broader needs and leverage capabilities

® NASA Lewis Research Center
# Phillips Laboratory
® Others

Commercial spin-offs to improve U.S. competitiveness in the global
marketplace are also important
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Brilliant Eyes Program Overview

BMDO Program for a low orbit constellation of satellites for surveillance
and tracking of ballistic missiles for theater and national defense
missions

Program is managed by the Air Force Space and Missiles Center for
BMDO

Competition ongoing to select prime contractor

#® Rockwell and TRW selected from four original contractors last
year

® Source selection in progress to select one contractor to build the
first two satellites-

# Both contractor’s programs will be continued for a later
downselect for the full satellite constellation

First flight ~1997

Brilliant Eyes Type System
Constellation Specs

Altitude <2000 km, high inclination & low Inclination rings
In lower end of VanAllen radiation belts

Constellation of 10 to 40 satellites

Deployed on an MLV, multiple satellites per launch
Emphaéis o; échievlng mls;slén c;bjéctlves ?t minimum cost

Conservative approach to non-critical satellite components
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Brilliant Eyes Type System
Spacecraft Specs

500 kg goal

1 kW solar arrays for 500 W of orbital average power onboard
(end of life)

5-7+ year lifetime

Rad hard parts required

Applications of Electric Propulsion

Initial orbit positioning - primary application, major fuel savings
at a cost of weeks extra time for the deployment

#® Extra satellites/launch vehicle (major $ savings)
or
# Extra margin in launch mass (risk reduction)
Strategic maneuvers and repositioning

Orbital maintenance

Deorbit satellite at end of life

Primary Drawback of EP is longer trip times for positioning and maneuvers -

More solar array power (if affordable and mass efficient) helps a lot
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BMDO Photovoltaics Programs

Concentrator Solar Arrays
® Entech linear refractive concentrator
® |offee reflective and refractive concentrators and cells
® NASA Lewls agent for program management

Muitiple-band-gap planar arrays 7
" Philips Laboratory agent for program management

Flight tests to demonstrate technology maturity
16



Why Concentrators?

Concentrator solar arrays provide a pathway to major advances in
satellite solar array parameters of interest

® Cost 2X lower than planar silicon
® Specific power of 100 W/kg or better - even for small satellites
® Very small penalty for incorporating radiation resistance

Technology development over the last decade has resulted in
concentrator designs that are practical to Integrate onto satellites

® Linear concentrators only require one critical axis for sun
pointing

® Sun acceptance angles have been increased by nearly an
order of magnitude

® Innovative optics designs allow low cost manufacturing
approaches

Solar Array Technology Comparison
for Brilliant Eyes Type Satellites

SRR T SR R e re i Array Specs:
! GaAs/Ge Planar Solar Array Hgri i 1278 W (EOL)
R L R e e e 2131 W (BOL)
H e I e e R 12 m?
E f ‘zr',?;-}:];i};;‘“*“:‘fsi‘».‘""‘ R St 42 kg
e A T R $6.39M (est.)
Array Specs:

1278 W (EOL)

1406 W (BOL)

4.5 m?

18 kg

$0.84M (projected)

(note: drawings to scale)
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loffee Concentrator
and Cell Development

Mirrored and flat fresnel concentrator array development

@ Linear version of reflective concentrator now being
developed

® Four fresnel modules being prepared for flight test

Advanced tandem and multi-junction solar cells
® GaAs/InGaAs
® GaAs/AlGaAs

Array goals are:
® 300 W/m2
* 100 W/g
® 30% efficiency

Entech Linear Concentrator
Technology Description

Concentrator solar arrays to provide power
to satellites

Single axis convex fresnel concentrator concept ]

Technology nearing maturity for satellites e
# Materials, cells, and lenses already space flight tested

® 2 axis mini dome concentrator module being prepared for
launch on PASP+

® One axis version of concentrator ground demonstrated

Performance of arrays provides many operational benefits
® Efficiency = 1.5 x GaAs )
® Recurring Cost = 0.3 to 0.5 x Si
® Array specific power = 1.5 to 2.5 x APSA for small arrays
® Radiation tolerance same as InP
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Flight Test Update/Plans

Lear Jet concentrator module performance tests
LDCE-4, -5: Materials experiment, limited AO exposure
EOIM lli: Small area lens materials and cells

Wakeshield (MATLAB-1): Materials experiment and two minli
dome lenses (AO performance testing of lens coatings)

PASP-plus: First active experiment of advanced refractive
concentrator array technology, long duration (1-3 yrs.),
radiation damage, and high voltage plasma interaction

STRV-2: In planning stages, first active experiment of one axis
concentrator module

Molniya flight experiment: 1995 test of four 16 element loffee
fresnel concentrators

C-SAVE: Planned 1997 flight demonstration of a 1 to 1.5 kW
linear concentrator array

STRV-2 Experiment Layout

Experiment Module

Legend

Triplet

Concentrator




Molniya Concentrator
Flight Experiment

Flight test of four loffee concentrator modules
* Flat fresnel concentrators
® 16 element modules
® Tandem solar cells

Mounted on outer wall of a Molniya communications satellite

Launch planned in summer 1995 on a Molniya launch vehicle
from Baikanour

Molniya orbit provides high radiation environment

[y—

il

Photo of Fresnel lens concentrator panel on the basis

of 168 modules (input photoactive sguare 100 cmz).
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C-SAVE
Concept

Objective

® Demonstrate and quantitatively measure the
performance of a linear photovoltaic concentrator

array
v Array pointing
v Off-axis tracking
v Thermal distortion effects

® Space qualify concentrator solar arrays

Description

& Two solar arrays slzed to approximately 500 w each
(1 kw EOL total) - each array will be 1.5 m?

v Either reflective or refractive optics

v Sunlight focused onto a strip of high efficiency,
multi-band gap photovoltaic cells

& Arrays will be deployed in space and will track the
sun in one axis (when the experiment is operating)

Conclusions

Concentrator solar arrays provide significant benefits to future

BMDO missions
® Low cost
® Light weight
® Radiation resistant

BMDO approach is to develop flight test modules and arrays to

demonstrate technology maturity

Space concentrator arrays will provide significant cost and mass
advantages to a range of commercial satellite programs
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AIR FORCE ACTIVITIES IN SPACE PHOTOVOLTAIC POWER SYSTEM TECHNOLOGY

Kelly Gaffney
U.S. Air Force
Kirtland AFB, New Mexico

TECHNOLOGY FOCUS

PHOTOVOLTAICS

COVERGLASS
ELLS

E

R <

® bOWER MANAGEMENT AND
DISTRIBUTION

ENERGY STORAGE

FULL TECHNOLOGY LIFE CYCLE DEVELOPMENT
HIGH RISK/HIGH PAYOFF
NEAR TERM SOLUTIONS
MARKET AND USER DRIVEN

iPP BACKSIDE
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NEW AIR FORCE SATELLITES
FOR THE YEAR 2000

MILSATCOM: TECH DATE 1998

+ 34 kW

* GEO

+ ADVANCED ARRAYS
(CONNETRATORS/FLEXIBLE)

* MULTI-JUNCTION CELLS

ALARM: TECH DATE 1998

« 24 kW

* GEO

» ADVANCED GaAs AND
MULTI-JUNCTION CELLS

* ADVANCED ARRAYS

GPS IIF: TECH DATE 1997

+ SAME MISSION NEED

+ DESIGN FOR AFFORDABILITY

+ ADVANCED ARRAYS

* MULTI-JUNCTION AND THIN=FILM
CELLS

MISSION UPGRADES
DSP-23
DMSP BLOCK 6
BE BLOCK CHANGES
POTENTIAL FOR OTV

TECHNOLOGY CHALLENGES

SATELLITE/LAUNCH POWER TECHNOLOGY DRIVERS

LAUNCH VEHICLE

SATELLITE

ARRAY VOLUME (150W/M2)

BATTERY/ARRAY MASS
(15-25% OF SATELLITE MASS)
SATELLITE LIFETIMES
(NiCd BATTERIES--3 YEARS IN LEO)
(SOLAR CELL DEGRADATION)

PRIMARY BATTERY PERFORMANCE
(10% OF LAUNCH PROBLEMS)
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NEED FOR MORE POWER
SOLAR CELL COST ($1000/W)

POWER SYSTEM MODULARITY &
STANDARDIZATION .

COMPONENT RELIABILITY (LATCHING
RELAYS, BYPASS SWITCHES, ETC)



SYSTEM BENEFITS FROM TECHNOLOGY

EPS AS % OF SPACECRAFT MASS

RIGID Si CPV NiH2

28V PMAD RIGID GaAs
2.0 Wilb
2.9 Wiib
$10,000/W $10,000/W
FLEXIBLE MBG ARRAY
EXPERIMENT? HIGH VOLTAGE PMAD
STRV
PASP+ 4.0 Wiib
NaSTEC $5,000/W

TECHNOLOGY OPTIONSIBENEFITS

PHOTOVOLTAICS TECHNOLOGY IMPROVEMENTS

STATE OF THE ART: GaAs RIGID ARRAYS
18% EFFICIENT CELLS
50W/KG BOL, 250W/M2 BOL
STOWAGE PROBLEM

ADVANCED POWER OPTIONS:
LOW RISK: GalnP/GaAs/Ge RIGID ARRAY
27% EFFICIENT CELLS
85W/KG BOL, 400 W/M2 BOL
LESS OF A STOWAGE PROBLEM

MEDIUM RISK: CIS AND CdTe THIN FILM CELLS
12% EFFICIENCY, RAD-HARD \
40% LIGHTER, LESS SUBSTRATE [Seus
SIGNIFICANTLY LOWER COST

MEDIUM RISK: ADVANCED FLEXIBLE BLANKET
OR CONCENTRATOR ARRAY
100-150W/KG BOL
SOME HAVE STOWAGE VOLUMES
OF 0.15M3
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PHOTOVOLTAICS

TECHNOLOGY OPTIONS/BENEFITS

GaAs CELL IMPROVEMENTS:

PREMISE: ULTRA LIGHTWEIGHT GaAs SOLAR CELL BY
INCORPORATING LIGHT-TRAPPING FEATURES ON THE

BACK OF THE CELL. HIGH CURRENTS CAN BE OBTAINED
WITH A VERY THIN LAYER OF MATERIAL. GOAL IS A 24.5%

CELL AT 1 SUN AMO

SUCCESS:
« IMPROVED LPE GROWTH LAYERS-—ZCM X 4CM CELL

= OPTIMIZED ANTI-REFLECTIVE COATING

* INCORPORATED LIGHT TRAPPING STRUCTURE TO THICK CELLS

« CHOOSE METAL FOR USE IN BACK CONTACT
+ IMPROVE FABRICATION PROCESS

BENEFITS:
» VERY LIGHT, HIGH EFFICIENCY GaAs

= GOOD RADIATION TOLERANCE BECAUSE OF THIN DEVICE

STRUCTURE

PHOTOVOLTAICS

TECHNOLOGY OPTIONS/BENEFITS

MULTI-JUNCTION SOLAR CELL:

PREMISE: DEVELOP 25% EFFICIENT, MONOLITHIC, MULTI JUNCTION
SOLAR CELLS. CELLS SHOULD BE TWO-TERMINAL, STANDARD
SIZE AND COST NO MORE PER WATT THAN GaAs

SUCCESS:

* 24.6% EFFICIENT, TWO JUNCTION GainP/GaAs CELL DEVELOPED

* READY FOR FLIGHT TEST ON MIGHTYSAT

* 26.7% EFFICIENT GainP/GaAs/Ge , 2 BY 2cm LAB CELL READY BY
CHRISTMAS

FUTURE PLANS:

* THREE YEAR PLAN TO IMPROVE RELIABILITY/YIELD OF TANDEM CELL
COLLABORATE WITH MANTECH AND NASA TO DEVELOP
6 BY 6, HIGH BATCH PRODUCTION

* GROUND AND RADIATION TESTING IN LATE 1996

* FLIGHT QUALIFICATION IN EARLY 1997

BENEFITS:

» 35-40% REDUCTION IN WEIGHT OVER GaAs

* 40% REDUCTION IN ARRAY CROSS-SECTIONAL AREA FOR LAUNCH
» COSTS SIMILAR TO GaAs
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PHOTOVOLTAICS
TECHNOLOGY OPTIONS/BENEFITS

.vav-FILM SOLAR CELLS

PREMISE: DEVELOP HIGH EFFICIENCY (12-16%), LARGE
AREA DEPOSITION THIN-FILM PHOTOVOLTAIC
DEVICES. FOCUS IS ON CIS AND CdTe

SUCCESS:

- DEPOSITION OF CIS ON 4 X 4 IN SUBSTRATE

« 12% CIS CELLS IN SMALL SIZES

- DEVELOPMENT OF 10% CIS ON 24 CM X 24 CM
FLEXIBLE METAL FOIL BY DEC

FUTURE PLANS.
NEW PROGRAM TO DEVELOP REEL-TO-REEL
DEPOSITION ON FLEXIBLE SUBSTRATES IN THE
12-15% RANGE

BENEFITS.

« SIGNIFICANT COST REDUCTIONS OVER CRYSTALLINE
CELLS

» 30-40% ARRAY WEIGHT REDUCTION

« REDUCED STOWAGE VOLUME FOR ARRAY

PHOTOVOLTAICS
TECHNOLOGY OPTIONS/BENEFITS

ADVANCED FLEXIBLE BLANKET ARRAY:

PREMISE: TO DEVELOP AND FLIGHT QUALIFY TWO
FOLD-OUT ARRAYS WITH AT LEAST 150W/Kg EFFICIENCY,
0.15m3 STOWAGE VOLUME AND SYSTEM LEVEL COSTS
OF LESS THAN $500/W IN 1-3 KW POWER RANGE

SUCCESS: AWARDING OF TWO SEPARATE CONTRACTS

« ROLL-OUT FLEXIBLE BALNKET USING CIS THIN-FILM CELLS

AND SHAPE MEMORY CONTROL

« RIGID, COMPOSITE, FOLD-OUT ARRAY USING ANGLED
MIRRORS FOR SUN CONCENTRATION

FUTURE PLANS:
<« DEVELOP AND FABRICATE ARRAYS

+ FLIGHT TEST IN 1998
+ POTENTIAL INTEREST BY POST-1999 SATELLITES

BENEFITS:
+ 3-FOLD INCREASE IN ARRAY EFFICIENCY

+ SIGNIFICANT DECREASE IN ARRAY STOWAGE VOLUME
* 50% COST SAVINGS ON ARRAY PROCUREMENTS
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PHOTOVOLTAICS
TECHNOLOGY OPTIONS/BENEFITS

INTEGRATED POWER SYSTEM: LOW RISK

PREMISE: TO DEVELOP AND DEMONSTRATE A MODULAR, COVERGLASS
STANDARDIZED POWER SYSTEM ARCHITECTURE USING
SHUNT REGULATION MOUNTED TO THE GaAs SOLAR ARRAY

USING A HYBRID PATCH AND RESISTOR STRIP. SYSTEM
IS ABLE TO ACCOMADATE GROWTH BETWEEN 100W --
SKW WITH MINIMAL REDESIGN.

SUCCESSES:
PANEL DEVELOPMENT COMPLETE :
PRELIMINARY GROUND TESTING OF COUPONS COMPLETE
FLIGHT TEST PROGRAM IN PLACE

FUTURE PLANS:
FLIGHT TEST ON STP MISSION IN LATE 1995

BENEFITS
MODULAR, STANDARD ARCHITECTURE MEANS LESS DIELECTRIC
REDESIGN AND MINIMUM REQUALIFICATION: LOWER COST IPP BACKSIDE

LESS SYSTEM WEIGHT: 12 W/KG

FACESHEET
BETTER THERMAL CONTROL

PH QTQVOLTAICS

FLIGHT EXPERIMENTS: NEW STARTS

LABSAT

FLIGHT TEST HIGH EFFICIENCY DUAL JUNCTION
CELLS AND TRIPLE JUNCTION CELLS ON COMPOSITE SUBSTRATES

HARDWARE DELIVERY DATE: 30 SEP 1995

CONDUCT DESIGN ANALYSIS FOR FUTURE LABSAT
POWER SYSTEM UPGRADES

UoSAT

COOPERATIVE EFFORT WITH UK, NASA, NRL, BMDO
TO FLIGHT TEST POWER SYSTEM COMPONENTS

PROBABLE AF EXPERIMENTS INCLUDE NaS LONG-TERM

FLIGHT TEST, ADVANCED ARRAY DEMO, TRIPLE JUNCTION
SOLAR CELL FLIGHT ,,

LAUNCH DATE IS JUN 1996
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PHOTOVOLTAICS
FLIGHT EXPERIMENTS

STRV 1B

FLIGHT TEST OF ADVANCED CELL TECHNOLOGIES.

- PRIMARY POWER PANELS ARE GaAs, 5.5MIL MANTECH
CELLS. EXPERIMENTAL PANELS HAVE 20 DIFFERENT
EMERGING CELL TYPES

PANELS WILL BE TESTED OVER THREE MISSION FOR
ELECTRICAL PERFORMANCE ANND RADIATION
RESISTANCE.

PASP+

FLIGHT TEST OF 12 ADVANCED ARRAY DESIGNS:
FLEXIBLE BLANKETS, CONCENTRATORS, THIN-FILMS

ARRAYS WILL BE TESTED FOR ENVIRONMENTAL AND ’
PLASMA INTERACTIONS, HIGH VOLTAGE PERFORMANCE §
AND ELECTRICAL PERFORMANCE '

LABORATORY PROGRAM

SOLAR CELL ASSESSMENT

« FULL LABORATORY CAPABILITY TO
CONDUCT MECHANICAL AND ELECTRICAL
TESTING OF SOLAR CELLS

* RADIATION DEGRADATION TESTING AT
UK DRA HARWELL FACILITY

» SOLAR CELL DATABASE TESTING WILL
START THIS YEAR (12 CELLS ALREADY
IDENTIFIED--TANDEM, THIN-FILMS, GaAs,
ADVANCED Si)

« DATABASE WILL BE OPEN TO ALL

* WILL TEST ANY CELLS UPON SPO REQUEST
AT NO COST
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CONCLUSIONS

NEW AIR FORCE SYSTEMS ARE COMING ON LINE BY THE TURN
OF THE CENTURY: LIFE CYCLE COST WILL BE THE BIG DRIVER

POWER TECHNOLOGIES AS BOTH COST AND WEIGHT REDUCTION
TOOLS ARE OF INTENSE INTEREST TO OUR CUSTOMERS

TECHNOLOGY TRANSITION PATH FOR TANDEM CELLS AND ADVANCED
ARRAYS IS IN PLACE

LABORATORY WILL CONTINUE ON THE PATH TO LIGHTER, CHEAPER
CELL AND ARRAY TECHNOLOGIES

NEW PROGRAM INITIATIVES TO WATCH FOR: TANDEM CELL MANTECH,
ADVANCED THIN-FILM CELL DEVELOPMENT, TANDEM CELL FLIGHT TEST
SOLAR CELL ASSESSMENT, RENEWED INTEREST IN ARRAYS FOR
oTVv
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AN UPDATE ON THE DEPARTMENT OF ENERGY’'S PHOTOVOLTAIC PROGRAM

John P. Benner and Mark Fitzgerald
National Renewable Energy Laboratory
Golden, Colorado

Summary

Funding for the terrestrial photovoltaics program is $78 million in 1994. This is more than
double the minimum level reached in 1989 and runs counter to the general trend of decreasing
budgets for Department of Energy (DOE) programs. During the past five years, the program
has expanded its mission from research and development to also address manufacturing
technology and commercialization assistance. These new activities are directed toward
revitalizing the market to reinstate the rapid rate of sales growth needed to attract investment.
The program is approaching balance among efforts in each of the three areas. This translates to
a reduction in some of the R & D activities of most relevance to the space power community.
On the other hand, some of the advancements in manufacturing may finally bring thin-film
technologies to reality for space arrays. This talk will describe the status and direction of DOE
program with an eye toward highlighting its impact on technology of interest for space.

Introduction

During the latter part of the 1980's, the growth rate in photovoltaic module shipments was more
than 20%. Industry shifted from a condition of shipping from excess inventory to back-orders.
During the last several years, world wide sales growth has slowed to less than 5%. This
condition is attributed to the world wide recession. This condition does not help the industry
attract capital needed for expansion of production or introduction of new products. The
Department of Energy has addressed this problem by adding two programs focussed at helping
industry to increase sales.  First, the program directed support to manufacturing technology
research to further improve competitiveness and open new applications by reducing product
cost. The second initiative increased interactions with envisioned customers to enhance
awareness of photovoltaic technology for applications where it is competitive today. The result
on the total program budget can be seen in Figure 1.

100[—

8O Capital Equipment
‘E:f‘:‘g Systems & Market Dev
O o [HI] Mfg Technology Dev
[ Gov't Labs
Oz 0 Uriversit Strategic
Universities R&D

20 . Industry

87 83 89 90 91 92 93 94*95**

Fiscal Year

Figure 1. US DOE Photovoltaic Program Budgets

"EY94 Est. prior Lo rescissions
+*FY95 Est. based on DOE budget request

31




Photovoltaic Manufacturing Technology

The Photovoltaics Manufacturing Technologies (PVMaT) project is a partnership between the
U.S. Department of Energy and the U.S. PV industry. By working together to reduce costs, the
partners ultimately hope to extend the U.S. leadership in manufacturing and developing
commercial PV systems.

The PVMaT project is being conducted in three phases. Phase 1 identified and prioritized areas
in the manufacturing processes where research and development were needed for major
production cost reductions. Problem solutions began in 1992, under Phase 2A, while Phase 3A
addresses generic module manufacturing needs common to the PV industry. Current industry
partners, topic and award amounts are shown in Figure 2.

Company Topic Principal Amount
Investigator ($M)
Phase 2A
Siemens Soar Industries Cz Silicon Terry Jester 10.5
Solarex Corporation Triple Junction a-Si Alloys Robert Oswald 10.0
ENTECH , Inc. Linear Focus Conc. Modules  Mark O'Neill 3.1
Astropower , Inc. Silicon Film Technology Sandi Collins 7.1
Utility Power Group a-Si Modules Michael Stern 47
Energy Conversion Devices Roll-to-Roll a-Si Masatsuga izu 10.8
Phase 2B
Golden Photon, Inc. CdTe Steve Johnson 9.8
Solarex Corporation Cast Silicon John Wohigemuth 6.3
Solar Cells, Inc CdTe Dan Sandwisch 7.4
Texas Instruments Spheral Silicon Jim Skelly 16.6
Phase 3A
Springborn Laboratories Improved Encapsulants Bill Holley 1.5
Spire Corporation Automated Cell Assembly Mike Nowlan 1.4

Figure 2 PVMaT Industry Partners

Systems and Market Development

The DOE has established the PV Compact Coordinating Council as the focus of market
development activities in the United States. PV Compact consists of utility representatives from
the Utility Photovoitaic Groups (UPVG) and representatives from state energy offices and state
Public Utility Commissions (PV4U). The DOE/NREL PV Program is supporting the
development of a strategy to commercialize PV through UPVG. This is an organization of more
than 70 utilities that work together to advance cost-effective and high-value uses of PV for
utilities. UPVG activities include publishing a newsletter, sponsoring workshops, and supporting
five active working groups working towards a goal to lead utilities into photovoltaic systems
acquisitions of about 50 megawatts over five years with less than 30% government cost sharing.
PV4U is a project to work with and assist state working groups involved with the development of
PV systems by utilities.

Building Opportunities in the United States for Photovoltaics (PV:BONUS) is a DOE/NREL
project to evaluate and implement innovative ideas for integrating PV into building systems.
Twenty-nine teams proposed concepts, and, in FY 1983, five teams began work on the planned
5-year, $25-million (from DOE) cost-shared project. Each of the five teams includes a lead
contractor and up to 10 other organizations representing building-materials manufacturers,
building contractors, PV suppliers, utilities, colleges and universities, systems designers,

architectural and engineering firms, and building owners.
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The DOE/NREL PV Program helps U.S. PV companies reach the growing international markets
by leveraging funds and lowering institutional barriers to international trade in PV technology.
DOE shares the cost of pilot installations, and PV Program personnel help perform site
assessments, develop project eveluation criteria, write technical specifications for projects, and
conduct workshops and training seminars.

In FY 1993, DOE and the Federal Republic of Brazil began working together to bring electricity
to rural communities in Brazil using PV. The first phase began in December 1992 with the
installation of lighting systems on 600 homes, schools, and public spaces in rural areas. Phase 2
of this project is now underway, with DOE contributing approximately $1.3 million toward the
estimated $3 million cost of the project's second phase in FY 1994. Other project development
efforts are underway in China, India, and Indonesia.

The guiding principal behind all of the market development activity is the establishment of
expanded markets that are sustained by the competitiveness of photovoltaic products such that
ongoing Federai support, in tax policy or direct funding, is not required.

Strategic Research and Development

The budget for photovoltaic research has been held flat during the period in which the new
initiatives in manufacturing and market development were added. However, within the research
program, priorities have changed substantially. The support for thin-film technologies has grown
to keep pace with inflation. Other projects needed to be reduced to afford to maintain thin-fiims.
Much of this reduction came from support of concentrator and high efficiency options. Currently,
the newest element of the research program is the active request for proposals to form a Thin-
Film Partnership. This single solicitation will draw in proposals from both the major industrial
interests and well as the research teams from industry, universities and not-for-profit
laboratories. The goals of the procurement are to: i) support the successful introduction of U.S.
thin film products; and, ii) support advanced thin-flm R&D needed for future product
competitiveness. Since this is an active solicitation, no more can be described in this paper.
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EUROPE’S SPACE PHOTOVOLTAICS PROGRAMME

Klaus P. Bogus
European Space Agency
Noordwijk, The Netherlands

SUMMARY

The current space PV technology development programme of ESA is described. The programme is
closely coupled to the European space mission scenario for the next 10 year period and has as main
objective to make the most effective use of the limited resources available for technology in the
present economical climate. This requires a well-balanced approach between concentration on very
few options and keeping the competition alive if more than one promising technology exists.

The paper describes ESA's main activities in the areas of solar array technology, solar cell
technology,solar cell assembly technology, and special test and verification activities including the in-
orbit demonstration of new technologies.

INTRODUCTION

Europe has had a very successful record in the field of space photovoltaics and has achieved a
competitive position in the world market. For a large variety of European spacecraft systems
photovoltaic solar generators are the exclusive source of electrical power and additionally, Europe
has succeeded in exporting solar arrays across the Atlantic (e.g. IUE, Hubble Space Telescope, CTS-
Hermes and INTELSAT).

The main purpose of the space photovoltaic technology development programme is to maintain the
high standard of European solar array technology by carefully modernising the existing concepts in a
step-wise approach. The smooth introduction of new technologies into flight programmes is achieved
by close cooperation between technologists and project engineers.

The close coupling of the technology programme to the European mission scenario for the next 10
years is perfectly in line with the approach described above and leads to a fast application cycle of
new technologies. A disadvantage of this approach is the resulting low priority for globally attractive
new technologies which are not directly required in the ESA mission scenario with it's limited scope.

DETAILS OF ESA'S SPACE PV TECHNOLOGY PROGRAMME

The programme is described in the 7 tables below according to a systematic division into solar array
technology, solar cell technology, assembly technology, technology verification activities and
supplementary activities.

The first column of each table contains the technology activity title, the second column indicates the
present status of the activity. "Proposed” stands for a new activity which is not yet accepted in the
budget planning, after acceptance it turns into "planned” , and after initiation into "running". The 3rd
column identifies the frame-programme unter which the activity is funded: "Basic" is the general
basic TRP(Technological Research Programme) of ESA, "ASTP" is the acronym for applied
supporting technology programmes of the Telecommunications satellite area and "GSTP" is the newly
introduced general supporting technology programme of ESTEC for all ESA missions. Additionally,
several of the national activities in the ESA-member states are harmonised with ESA and run under
common management arrrangements. Schedule indications can be found in the 4th column. The last
column contains summary descriptions.

SOLAR ARRAY TECHNOLOGY.
ESA's Solar Array Technology is based on a two main design concepts: Advanced lightweight rigid
panel arrays and advanced flexible blanket arrays. With both concepts a high degree of maturity and
flight experience has been accumulated in recent flight programmes: OLYMPUS-1, HST and ERS-1
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are operating very successfully with flexible blanket arrays, whereas EURECA, HIPPARCOS and the
ECS/MARECS satellites are supplied with rigid panel arrays.

The solar array technology development aims at the improvement of the present lightweigth carbon-
fibre face-sheet panels for specific future telecom-missions . Since the technology requirements are
generally very mission specific it has become general practice do do these developments within the
corresponding flight programmes and not in generic technology programmes.

Unfortunately EUROPE has presently no new programme requiring flexible blanket solar arrays so
that this technology which has already reached a high degree of maturity, can not be further
improved.

The development of alternative concepts was limited to studies on concentrator arrays (SARA-
Louvre, Holographic Dispersive).

SOLAR CELL TECHNOLOGY.
This part of the programme comprises two main elements: Improvement of silicon solar cells and
development of GaAs solar cells:
- HI-ETA silicon cells with 16-17% efficiency have been pre-developed and are now approaching the
pilotline production stage.
- Further improvement towards 18% efficiency are under pre-development using advanced
passivation and optical confinement
-a demonstration of a 20% efficiency silicon cell is foreseen in a basic R&D study on small area, low
quantity samples
-GaAs and GaAs-on-Ge cells have been pre-developed in ltaly, Great-Britain and Germany.
-The next step will be a pilotline production of GaAs-on-Ge cells
- Further improvements of 1ll-V-compound cells are expected in the area of ultra-thin (superstrate
supported) GaAs cells and multi-junction/tandem cells.

SOLAR CELL ASSEMBLY TECHNOLOGY.
This part of the Programme covers :
- the development of improved Aluminium solar cell interconnectors (ATOX-resistant, low-cost)
- the development of ultrasonic welding for Si- and GaAs cells ( long cycling life, low-cost )
- advanced cover-glass bonding (Direct Electrostatic bonding, Teflon Pre-preg bonding)
- Infra-red reflective coatings on cover-glasses (improved efficiency through lower Temp.)
- Development of integrated solar cell modules (GaAs-thin film and Silicon superstrate concepts).

TECHNOLOGY VERIFICATION TESTS.

Apart from the activities performed at SPASOLAB (ESA's solar cell laboratory in Madrid), the main
activities are related to the investigation of space environmental effects on solar arrays. This includes
investigation of synergistic effects, thermal cycle induced fatigue, plasma and atomic oxygen effects,
micrometeorite impact effects and particle radiation damage in solar cells. Radiation damage
investigations are required for two different reasons: One is the evaluation of new solar cells (e.g.
advanced GaAs and Hi-ETA silicon cells), the other the planning of missions in different orbits (e.g.
the new Telecom-missions in high-inclination, medium altitude orbots with equivalent fluences of
more than10E16 One-Mev-electrons /sqcm).

SUPPLEMENTARY ACTIVITIES.
This segment contains mainly the preparation and evaluation of flight experiments and the Post-flight
investigation programmes on the HST and EURECA solar arrays reported in another part of this
conference.
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SOLAR GENERATOR TECHNOLOGY PROGRAMME

1994 STATUS

ARRAY SYSTEM DEVELOPMENT

ASSEMBLY TECHNOLOGY

COMPONENT TECHNOLOGY

TECHNOLOGY VERIFICATION TESTS

SUPPLEMENTARY ACTIVITIES

SOLAR GENERATOR TECHNOLOGY PROGRAMME
1. ARRAY SYSTEM DEVELOPMENT

SOLAR ARRAY FOR
HIGH POWER APPL.

ADVANCED RIGID
PANEL ARRAYS

LILP ARRAYS

SYSTEM ANALYSIS &
ASSESSM. NOVEL CELLS

RUNNING ASTP-4
9

94-95

RUNNING TELECOM 93-95

HARMO

RUNNING BASIC
4

PLANNED BASIC
9

91-93

95-96

ADAPTATION OF RIGID ARRAYS
TO 5-7kW TELECOM APPLICATIONS

ARAFOM (FSS), HOTBIRD+
GSR(AS),MARK-3 (DASA)

LOW POWER/LOW INTENSITY
ARRAYS FOR MARSNET

EVALUATION OF NEW CELL TYPES
ON ARRAY LEVH.

SOLAR GENERATOR TECHNOLOGY PROGRAMME
2. ASSEMBLY TECHNOLOGY

ALUMINIUM INTERCON.

TECHNOLOGY

SOLAR CELL ASSEMBL.

TECHN. (SI & GaAs)

INT. ELEV. VOLTAGE

MODULE

I-R-REFLECTING
COATING

TEFLON-BONDING
OF GILASS ON CELL

RUNNING BASIC
6

PROPOSED ASTP-4
9

RUNNING BASIC
6

RUNNING ASTP-4
9

RUNNING  ANTP-4

o
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87-94

92-94

92-94

DEVELOPM. OF UL TASONICALLY
WH DED ALU-INTERCONNECTORS

CONTINUE ASTP-3 DEVELOPM.
FOR NEW CELI. TYPES

DEV. OF INTEGRATED GAAS
ULTRATHIN MODULES WITH DIODES

REDUCTION OF OPFR. TEFMPERATURE
BY REFL.LECTOR ON COVER-GLASS

TEFL.ON BONDED CFELI-ASSEMBLIES
WITH ESD-PROTECTION



SOLAR GENERATOR TECHNOLOGY PROGRAMME
3. COMPONENT TECHNOLOGY-A

ALTERNAT. SOLAR
CELL ASSESSMENT

GaAs-SOLAR-CELL
DEVELOPMENT

LILT SOLAR CELLS

THIN-FILM CELLS

RUNNING

RUNNING

RUNNING

RUNNING

BASIC 89-94
9

ASTP-3 87-94
&HARMO
BASIC 91-95
4

ASTP-4 92-93

EVALUATION OF "3RD GENERATION"
CELLS FOR SPACE

DEV. OF GaAS CHILS BY MOCVD
ON GaAs AND GERMANIUM

DEV. OF CFLLS WITH 25%-T4F.

IN DEEP SPACE (ROSETTA)

PRE-DEVEI.OPMENT OF CIS-CFILIS:
SYSTEM-ASSESSMENT

SOLAR GENERATOR TECHNOLOGY PROGRAMME
3. COMPONENT TECHNOLOGY-B

PILOTLINE HI-ETA

SILICON CELLS

ADVANCED LIGTHW,

GAASCELLS

GE-SUBSTRATES FOR

GAAS CELLS

RUNNING  GSTP-1 94-96
9

PLANNED  GSTP-1 9496
9

RUNNING  GSTP-1 93-95
9

FND-DEVELOPMENT OF 16%-FFF.
CTILS INCTL. PILOT PROD.

CASCADETANDEM CHLLS;>22%,
UL.TRA-THIN

DEVELOP IMPROVED SUBSTRATES
IN PILOTLINE

SOLAR GENERATOR TECHNOLOGY PROGRAMME
4. TECHNOLOGY VERIFICATION TESTS

S-A ENVIRONMENTAL

INTERACTIONS

FESD-TEST
SIMULATION

SPASOLAB

ARCHIMEDES

RUNNING

RUNNING.

RUNNING

RUNNING

BASIC 93-94
6

BASIC 93
BASIC 93-95
BASIC 94

38

IDENTIE. AND TEST OF SYNERGISTIC
FFIECTS: MICROM. ' PROTONS/ATOX

MODEL OF ESD INTERACTIONS
OF 5-A's | REPR. TEST

TYPE APPROV AL TESTS (P$S-01-60-4)

p+ & e- TESTS OF NOVEL CEI LS
FOR MISSIONS WITHHIGH FT.UX



SOLAR GENERATOR TECHNOLOGY PROGRAMME
5. SUPPLEMENTARY ACTIVITIES

FLIGHT EXPERIMENTS

PORTABLE

SUN SIMULATOR

EURECA SA

HST SA-1

RUNNING

RUNNING

RUNNING

RUNNING

GSTP-1

BASIC

BASIC
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94-95

IN-ORBT VERIFICATION OF NEW
CELLS ( STRV, HEALTHSAT,ETC.)

MINI-FLASHER FOR FIELD TESTS

POST-FLIGHT INVESTIGATIONS

POST-FLIGHT INVESTIGATIONS






SESSION |

InP CELL DEVELOPMENT






HIGH-EFFICIENCY, DEEP-JUNCTION, EPITAXIAL InP SOLAR CELLS ON
(100) AND (111)B InP SUBSTRATES

R. Venkatasubramanian, M.L. Timmons, and J.A. Hutchby
Research Triangle Institute
Research Triangle Park, North Carolina

and

R. Walters and G. Summers
U.S. Naval Research Laboratory
Washington, DC

ABSTRACT

We report on the development and performance of deep-junction (~0.25 um), graded-
emitter-doped, n*-p InP solar cells grown by metallorganic chemical vapor deposition (MOCVD).
A novel, diffusion-transport process for obtaining lightly-doped p-type base regions of the solar
cell is described. The |-V data and external quantum-efficiency response of these cells are
presented. The best active-area AMO efficiency for these deep-junction cells on (100)-oriented
InP substrates is 16.8%, with a Jgc of 31.8 mA/cm2, a Voc of 0.843 V, and a fill-factor of 0.85.
By comparison, the best cell efficiency on the (111)B-oriented InP substrates was 15.0%. These
efficiency values for deep-junction cells are encouraging and compare favourably with

performance of thin-emitter (0.03 [im) epitaxial cells as well as that of deep-emitter diffused cells.
The cell performance and breakdown voltage characteristics of a batch of 20 cells on each of the
orientation are presented, indicating the superior breakdown voltage properties and other
characteristics of InP cells on the (111)B orientation. Spectral response, dark |-V data, and
photoluminescence (PL) measurements on the InP cells are presented with an analysis on the
variation in Jgc and V. of the cells. It is observed, under open-circuit conditions, that lower-Voc
cells exhibit higher band-edge PL intensity for both the (100) and (111)B orientations. This
anamolous behaviour suggests that radiative recombination in the heavily-doped n*-InP emitter
may be detrimental to achieving higher V. in n*-p InP solar cells.

INTRODUCTION

Epitaxial n*-p InP solar cells remain attractive for space photovoltaic applications as they
have demonstrated a high AMO conversion efficiency (~18 to 19%) [1]. These cell efficiencies
have been obtained through material improvements by epitaxy as well as the use of a thin emitter
(~0.03 um). However, the absence of photon-assisted annealing of radiation-induced defects and
the consequent lack of superior radiation resistance of these epitaxial thin-emitter cells stand in

sharp contrast to that observed in diffused, deep-junction (~0.3 pum) cells [2].

This work aims to develop high-efficiency InP solar cells by MOCVD that replicate the
diffused-junction structure, especially the deeper junction and the emitter surface doping gradient.
The radiation resistance data from these cells are reported separately in a companion paper [3].
The goal is to improve the understanding of the radiation resistance of InP solar cells. In this
work, we also present the first reported performance of InP solar cells on (111)B-oriented
substrates.

The motivation for the study of cell performance on (111) orientation stems from the
predicted advantages for hetero-epitaxial InP solar cells on Si substrates. There ‘is about 8%
lattice mismatch between InP and Si. This lattice mismatch can potentially introduce about 1.9 x
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1014 dangling bonds per cm? at the interface of (100) InP-Si. However, the calculated dangling
bond density for the (111) orientation is about 1.1 x 1014 per cm2. Thus, for similar growth
conditions and defect control mechanisms, the (111) orientation potentially offers a 40%
reduction in defect-density.

OMVPE GROWTH AND CELL STRUCTURE

The n*-p cell structures were grown on p-type InP substrates, doped to mid 1018 cm3,
Fig. 1 shows the schematic of the cell structure. The best results of epitaxial growth on (100)-
oriented substrates were obtained with use of no additional surface preparation to the customer-
provided epi-ready InP wafers. However, it was found necessary to give a brief surface clean
(consisting of a 1 min. etch in 1:1:5= Ho0:H502:H5S04 solution followed by a thorough rinse in
deionized water) for the (111)B-orientation substrates prior to epitaxy. This cleaning step is
critical to obtaining a smooth epitaxy of InP layers on the (111) oriented substrates. The growth
was carried out in an atmospheric-pressure MOCVD system using ethyldimethylindium and
phosphine as the Group Il and Group V precursors, respectively. All the growths were carried

out at 700°C, with typical growth rates of 0.05 {Lm/min.

Diethylzinc (DEZn) bubbler source was used for obtaining Zn-doping. An important
requirement for obtaining high-efficiency as well as radiation-resistant n*-p InP cells is that the
base region be lightly-doped to mid 1016 cm™3. This lightly-doped base also enables the
evaluation of a larger portion of the quasi-neutral p-base by techniques such as deep level
transient spectroscopy (by appliying a larger voltage-bias without breakdown of the junction) to
study radiation-induced defects.

Typically, a low concentration dimetylzinc-in-hydrogen gas source is used for obtaining
lightly-doped p-base. At RTI and other laboratories [4], this gas source has been found to lead to
very erratic doping levels. Hence, in this work, we have investigated a new approach to obtain
lightly-doped p-InP using a diffusion transport process. In this technique, the inlet of an
organometallic-Zn bubbler is closed and the outlet is kept open. Ho gas flow is maintained
through a bypass line, adjacent to the bubbler, to continously carry the organometallic-Zn that
diffuses out from the bubbler to the growth zone.

This approach avoids the possible residual moisture and oxygen contamination,
frequently present in gas cylinders, that can scavenge the Zn, especially at low ppm levels. Also,
this approach is likely to provide a constant molar ratio of organometallic-Zn to Ho, as long as the
organometallic Zn-source is kept at a constant temperature, unlike a high-pressure gas-mixture
that can lead to inconsistent concentration levels over the lifetime of the source.

‘We show in Fig.2(a) the polaron profile of a Zn-doped base region, obtained with a flow
of 1ccm through a diethylzinc (DEZn) bubbler causing a carrier concentration of ~4x1018 cm-
suggesting ultra-low flow rates to get a p-doping level in mid-1 018 cm3. In Fig. 2(b), we indicate
that with a 10ccm Hso flow and using the diffusion-transport process, and using the vapor
pressure of dimethylzinc (DMZn), we obtain a doping level of ~6 x 1017 cm3. In Fig. 2(c), we
indicate that with the same 10 ccm Ho flow and using the diffusion-transport process with a DEZn
bubbler, we obtain a doping level of ~8 x 1016 cm™3. The lower doping level obtained with the
DEZn source is consistent with the lower vapor pressure of DEZn, compared to DMZn, therefore
leading to a lower concentration of Zn although the same 10ccm of Hp is used to transport the
diffused species.



HoSe gas source was used for obtaining the heavily doped n* emitter regions. Se is the
same Group-VI n-type dopant as in S-doped InP diffused junctions, as opposed to the use of Si
in some of the work [1] of epitaxial InP cells. The emitter was nominally linearly graded with
increasing HoSe flow rates, to obtain a surface doping of ~3 x 1018 ¢m3.

The cell structure in Fig. 1 also indicates the use of Ti/Au (30nm/300nm) contact for the
p+ InP substrate. This contact was sintered at 415°C for one minute. The front emitter contact
was a non-alloyed AuGe/Ni/Au (50nm/10nm/300nm) metallization. The InP cells on (100)-
oriented substrates received a two-layer ZnS/MgF» anti-reflection coating (ARC) as indicated in
Fig. 1. The ZnS/MgF, coatings were deposited by e-beam evaporation. However, the cells on
(111)B-orientation received a single-layer ARC of plasma-deposited silicon nitride because the e-
beam evaporated ZnS/MgFo coatings strongly deteriorated the performance of the cells on
(111)B-oriented substrates. The cause for this behaviour is not exactly clear at this point.

CELL |-V AND SPECTRAL-RESPONSE CHARACTERIZATION

The |-V and external quantum efficiency (spectral response) data of the cells were
measured using an InP standard cell characterized at the National Renewable Energy Laboratory
(NREL). Relative external quantum efficiency data for a deep-junction cell are shown in Fig. 3.
The cell indicates a good red response and a small roli-off in the short-wavelength response. This
roll-off is attributed to some recombination of photo-generated carriers either in the emitter region
or at the surface of the emitter. The surface recombination velocity of ntIinP has been predicted
to be low [5]. In addition, the electric field resulting from the graded doping in the emitter is
expected to oppose the surface recombination of minority carriers (holes) and accelerate them
towards the depletion layer. As discussed below, based on photoluminescence data, we believe
that the roll-off is related to radiative recombination of minority carriers in the heavily-doped n*-
emitter regions. The radiative recombination is attributed to lower radiative-lifetimes in the quasi-
neutral regions of n*-InP.

The best active-area AMO efficiency for these deep-junction cells on (100)-oriented InP
substrates is 16.8%, with a Jgc of 31.8 mA/cm?2, a V¢ of 0.843 V, and a fill factor of 0.85. By
comparison, the best cell efficiency on the (11 1)B-oriented InP substrates was 15.0%, with a Jsc
of 31.3 mA/cm2, a Voc of 0.797 V and a fill factor of 0.815. These efficiency values for deep-

junction cells are encouraging and compare favorably with performance of thin-emitter (0.03 ptm)
epitaxial cells as well as that of deep-emitter diffused cells.

The cell (efficiency) performance of a batch of ~20 cells, each on (100)- and (111)B-
oriented InP substrates, are shown in Fig. 4. We can immediately observe the spread of cell
efficiencies, for both the orientations, over a reasonably wide range. However, we note the tighter
(and a more statistically expected Gaussian-like) spread of cell efficiencies on (111) substrates
and a more random fluctuation on the (100) substrates.

ORIENTATION-EFFECTS ON REVERSE-BREAKDOWN VOLTAGES

Similar statistical behavior in the breakdown voltage of cells on (100) and (111)B
substrates was obtained. Fig. 5 shows a histogram depicting the distribution of breakdown
voltages of the cells on the two orientations. For a given base doping level, the breakdown
voltages of nearly all the cells on (111) InP substrates were within 4.5-5.2 V, while the cells on
(100) substrates had considerable variation. Two of the cells, from the same wafer of (100)
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orientation, with very similar forward characteristics had completely different reverse-breakdown
characteristics. In contrast, any two cells even from different wafers of (111) orientation had
similar reverse characteristics.

The cause for this variance in behavior of reverse-breakdown characteristics is thought
to be related to the more electronically-active (111)B InP surface than the (100) surface [61.
leading to a more stablized surface from a more-accelerated native-oxidation process. Thus the
junctions on (111)-oriented substrates probably suffer from less surface-induced, soft-breakdown
reverse-characteristics. In addition, it has been reported that under certain doping conditions, the
(111) orientation can offer significantly higher breakdown voltages than the (1 00) orientation in
GaAs [7].

In any case, the reproducibility of InP cell-efficiency and breakdown-voltage
characteristics on (111)B-oriented substrates, compared to (100)-orientation, is noteworthy. This
portends well for the investigation of InP cells on (111)-Si substrates.

PL CHARACTERZATION OF InP CELLS

Band-edge photoluminescence (PL) from the InP cells were also evaluated at 300K to
understand the variation in Jg and V¢ of the cells. The PL excitation source was an Ar-ion laser
operating at 515 nm. The PL measurements were conducted under open-circuit conditions and

the laser radiation is expected to be fully absorbed within the 0.25-um-deep emitter region.

In Fig. 6, we indicate the PL data from two InP cells on (100) substrates, nominally grown
with the same cell structure (shown in Fig. 1) and nearly identical Jsc values. The cell (1-1955-a-
4), with a significantly higher Voc (0.843 V), shows a much smaller band edge PL signal than the
cell (1-1961-a-4) with a lower Voc of 0.783 V. The same pattern is once again observed in cells
grown on the (111)B orientation, and is shown in Fig. 7, i.e., the lower Voc cells indicate higher
band edge PL intensity. This leads us to suggest that the lower Voc of n*-p InP cells is perhaps
related to lower radiative lifetime in the n*-emitter regions. This argument would be consistent
with the higher PL intensity and the well-documented low surface-recombination velocity of n-InP
and n*-InP surfaces.

It has been known for some time that the open-circuit voltage of state-of-the-art n*-p InP
solar cells are not as high as that one would expect for its bandgap [1], in relation to that
observed in GaAs, especially considering that the surface recombination velocity of native n*-InP
surfaces are comparable to those at high-quality GaAs-AlGaAs interfaces in GaAs solar cells.
This discrepancy has not been resolved [1]. We believe that the high n-type doping level (~high
1018 cm3 to low 1019 cm'3) used in these cells probably result in low radiative lifetimes, leading
to lower-than-ideal Voc of cells. A lower emitter doping, in conjunction with a thicker emitter (like
0.1 pm) to maintain low emitter sheet resistance, is worth an exploration. Recently at RTI, we
have been able to improve the Voc of the InP cells from above-mentioned 0.843 V to 0.875 V,

one of the highest-reported values for InP cells under AMO conditions, with the use of reduced
doping levels in the emitter.

It may be worth pointing out that the Jsc levels in n*-p InP cells are less sensitive to any
reduction in lifetime (from higher doping level) in the emitter-region as the combination of low
surface recombination velocity of n*-InP and reasonable diffusion lengths can cause near-
complete collection of photo-generated carriers from the emitter. This was evident in our deep-
junction cells as well, where, the variation of Voc was present in cells with very similar Jsc values.
This effect was noticeable in both the orientations of InP substrates.
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SUMMARY

In summary, we have developed and characterized the performance of deep-junction
(~0.25 um), graded-emitter-doped, nt-p InP solar cells, grown by metallorganic chemical vapor
deposition (MOCVD). A novel, diffusion-transport process for obtaining lightly-doped p-type base
regions of the solar cell, was described. The best active-area AMO efficiency for these deep-
junction cells on (100)-oriented InP substrates is 16.8%, with a Jgc of 31.8 mA/cm2, a Vg of
0.843 V, and a fill factor of 0.85. By comparison, the best cell efficiency on the (111)B-oriented
InP substrates was 15.0%. The cell performance and breakdown voltage characteristics of a
batch of 20 cells on each of the orientation were presented, indicating the superior breakdown
voltage properties of InP cells on the (111)B orientation. Spectral response, dark I-V data, and
photoluminescence (PL) measurements on the InP cells were presented with an analysis on the
variation in Vg of the cells. It is observed, under open-circuit conditions, that lower-Voc cells
exhibit higher band-edge PL intensity for both the (100) and (111)B orientations. This behaviour
suggests that radiative recombination in the heavily-doped nt-InP emitter may be detrimental to
achieving higher V. in n*-p InP solar cells.
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Fig. 1 Schematic of a n*-p InP solar cell structure indicating the graded emitter doping.
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Fig. 3. External quantum efficiency of a deep-junction, n+-p InP cell measured at NREL.
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A. Bensaoula, A. Freundlich, M.F. Vilela, N. Medelci, and P. Renaud
University of Houston
Houston, Texas

INTRODUCTION

InP-based multijunction tandem solar cells show great promise for high conversion
efficiency (n) and high radiation resistance. InP and its related temary and quatemary compound
semiconductors such as InGaAs and InGaAsP offer desirable combinations of energy bandgap
values which are very suitable for multijunction tandem solar cell applications. The monolithically
integrated InP/Ings3Gag 7As tandem solar cells are expected to reach efficiencies above 30%.
Wanlass et al. (ref. 1) have reported AMO efficiencies as high as 20.1% for two terminal cells
fabricated using atmospheric-pressure metalorganic vapor phase epitaxy (APMOVPE). The main
limitations in their technique are first related to the degradation of the intercell ohmic contact
(10C), in this case the Ings3Gag«As tunnel junction during the growth of the top InP subcell
structure, and second to the current matching, often limited by the Ing s3Gag 47As bottom subcell.

Chemical beam epitaxy (CBE) has been shown to allow the growth of high quality
materials with reproducible complex compositional and doping profiles. The main advantage of
CBE compared to metalorganic chemical vapor deposition (MOCVD), the most popular
technique for InP-based photovoltaic device fabrication, is the ability to grow high purity
epilayers at much lower temperatures (450°C - 530°C) (ref.2). In a recent report Yamaguchi et al
(ref.3) have shown that cost-wise CBE is a breakthrough technology for photovoltaic (PV) solar
energy applications. Through the research effort undertaken in our laboratory, we have seen a
rapid progress in the energy conversion efficiency of InP-based solar cells fabricated using
chemical beam epitaxy (ref.4). This communication summarizes our recent results on PV
devices and demonstrates the strength of this new technology.

GROWTH TECHNIQUE

The realization of high performance solar cells and tunnel junctions requires extremely
high purity layers, perfect control on hole and electron concentrations as well as low
interdiffusion of dopant species across the junction during the device growth procedure.
Therefore, a relatively low temperature growth process and a good control of the interface
properties are required. CBE meets the above requirements since high quality GaAs, InP, GaP,
InAsP, GalnP and InGaAs layers can be grown at lower temperatures than those used in more
conventional techniques such as LPE, MOCVD, and even MBE. Moreover, it combines features
from both MOCVD and MBE, allowing the growth of semiconductor heterostructures with
monolayer abruptness and thickness control as well as easy multiwafer scale-up.

We have already demonstrated, using CBE, the growth of a variety of high quality
heterostructures ranging from lattice matched (InGaAs/InP) and strained (InAsP/InP) to highly
stained InAs/InP (ref. 5). In these studies the effect of growth temperatures and interruption
schemes at the interfaces was demonstrated to be crucial. To illustrate the growth control
capability of CBE we mention here our group latest results in the fabrication of perfectly
balanced highly strained heterostructures GaP(under tension)/GaAs/InP (under compression)
superattices with thicknesses up to 1 um (ref.6). These heterostructures are highly ordered and
show very low defect densities as seen in Figure 1. High resolution x-ray diffraction (400) from
these layers exhibit a residual strain of less than 8x10%; by comparison residual strain in
GaAs/AlAs structures is 1.38x 107,

CBE'’s flexibility in allowing the growth of such high quality complex heterostructures
permits the implementation of novel PV design concepts with expected higher efficiencies at no
added fabrication costs (sometimes lower). As an example we are investigating the use of
interal Bragg reflectors and the addition of MQWs in a standard diode structure to enhance the
photon absorption and increase the cell photocurrent, thus significantly improving the PV
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efficiency. Preliminary results on adding MQW:s in the intrinsic region of a P-I-N structures are
very encouraging and will be published elsewhere.

All our Epitaxial growth runs were accomplished in a Riber CBE 32 system using
trimethyl-indium (TMI), triethyl-gallium (TEG) and pre-cracked arsine (AsHjz) and phosphine
(PH3) as growth precursors. While research to date has included the growth of inP-based PV

devices on both GaAs and GaAs/Si, we will restrict ourselves in this paper to homoepitaxial
growths on InP substrates (mainly InP:S (100)). Reflection high energy electron diffraction
(RHEED) was used to monitor the surface morphology during the growth process as well as
calibrate an optical pyrometer focused on the substrate. This calibration uses the oxyde

desorption temperature (517 ©C) as the reference point. When this temperature is reached, the
RHEED pattern changes from diffuse bulk type spots to clear bright lines. Due to the strong
dependence of the InGaAs alloy composition on the substrate temperature, lattice matching with

respect to InP was studied in the 450-530 °C temperature range. Lattice matching to better than

10", as checked by High Resolution Double Crystal X-ray Diffraction, was achieved reproducibly,
demonstrating excellent composition control for our temary compounds.

DOPING STUDIES

Both the Be and Si doping behavior of InGaAs layers fabricated on InP:Fe (100) semi-

insulating substrates at relatively low temperatures (450 OC to 480 OC) were investigated. Be and
Si dopings were achieved using solid source effusion cells. Doping studies were carried out in
lattice matched conditions. Be doped p-InG7aAs with net hole concsentrations (as determined from

Hall measurements) varying from 2x10 cm to 2x1020 cm’ were achleved No surface
degradation was observed, even at dopmg levels as hngh as 2x10 cm . Si doping was

investigated within a doping range of 10 cm to 2x10 cm 3. No noticeable electrical
compensation was detected and good reproducibility was achieved from run to run.

In order to investigate the cross-diffusion behavior and to further assess the cross-doping
profiles, Secondary lon Mass Spectroscopy (SIMS) experiments were carmied out on InGaAs
multilayered structures fabricated with a combination of different Be and Si doping levels and

undoped spacers. SIMS experiments were performed in a Cameca IMS 4F system and both O‘
and Cs- profiles were taken for Be and Si respectively. Figure 2 represents compllatton of 3O

and Cs™ SIMS data. As it can be observed, the memory effects are in the range of 10 cm or
less for both Be and Si doping. Furthermore, at the interface between Be and Si doped layers,
observed cross-diffusions are within the experimental error. The sharp diffusion profiles between
Be and Si are consistent with solar cells and tunnel junctions low inter-diffusion requirements.
Our results indicate that p/n or n/p structure should exhibit similar behavior. We have chosen
deliberately to study p/n type devices.

SOLAR CELL AND TUNNEL DIODE DEVICES

Figure 3 shows a diagram of a tandem solar cell structure. Besides achieving the proper
electrical and structural quality for the individual layers, two issues stand out in the realization of
these devices. The first relates to the fabrication of thin tunnel junctions with high current
carrying capabilities and minimum resistivities. The second concems the ability to grow a high
quality InP solar cell on InGaAs at low enough temperature so as to preserve the characteristics
of the underlying tunnel junction. Following we will describe the growth and fabrication of the
individual tandem components.

Ing 53Gag 47As solar cell

The cell fabrication process begins with the CBE growth of a structure as shown in
Figure 3 (bottom cell). A summary of the characteristics under natural sunlight and without anti-
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reflection coating is: Jgc=30mA/cm?; Voc=0.27V; FF=57.8%; n=5.1%, for an incident sunlight

power of 91.4mWi/cm2. A double anti-reflection coating (ZnS/MgF,) was deposited and the new
electrical characteristics under natural sunlight are (Figure 4): Jgc=60mA/cm?2; Voc=0.295V;

FF=54.2%; n=10.2%, for an incident sunlight power of 94.2mW/cm2 (total area, 0.25cm2). In
this particular sample we note that a strong increase in the photocurrent after anti-reflection
coating is observed. This increase cannot be explained solely by the addition of the anti-
reflection layer. It is believed that this diode had a much lower shunt resistance before the
dielectric deposition. A leakage current prior ARC coating was responsible for the lower
photocurrent measured. Similarly after ARC the fill factor (FF) is smaller, a result of a higher
series resistance.

The Spectral Response (SR) characteristics after ARC of this InGaAs cell are presented
in Figure 5. A minimum at 680nm is clearly observed. This minimum is related to reflections at
the InP window layer (we remind the reader that the ARC Is optimized for the InGaAs material).
We note that for wavelengths higher than 1100nm, the SR decreases noticeably, a result of a
non optimized base layer. Both the base layer thickness and the minority camier lifetime in this
layer must be investigated to better understand the cause for this decrease. The high response
at smaller wavelengths shows however the high quality of the emitter layer. In conclusion, while
further improvements in the cell characteristics are expected through a better optimization of the

base layer, the high photocurrent density already demonstrated in these cells (60mA/cm?2, the
highest ever reported) is very promising.
The dark |-V and short circuit current (Ig¢) as a function of the open circuit voltage (Vo)

characteristics have been measured as well. The shunt resistance (Rgp) from dark |-V, the diode
ideality constant (n) from Igc-Voo and the saturation current (Jg) from |-V were calculated.
These values are shown in Table |. An ideality constant of 2.2 is expected for a small bandgap
diode such as InGaAs. Both the shunt resistance (42 *cm?) and the saturation current (Jg = 0.6

mAIcm2) can be improved through proper mesa passivation.
InP solar cell

Figure 3 shows the doping levels and thicknesses for the InP solar cell (lop cell). its
electrical characteristics are shown in Figure 6. The characterization results performed under

natural sunlight without anti reflection coating are: Jgz = 20 mA/cm2, Voc =0.82V, FF=77%,
and n=13%, for an incident sunlight power of 97 mW/cmZ2. After the antireflection coating this
solar cell presents 18% conversion efficiency under solar simulator. Its spectral response is
shown in Figure 5. The flat SR from 450nm to 850nm shows the high quality of this material. The
lower efficiency at smaller wavelengths (<400nm) is expected since this InP solar cell does not

have any window layer. By using a window layer or decreasing the emitter thickness it is possible
to improve the SR at lower wavelengths. In Table-1 the Rgp, |5 and n for this solar cell are given.

It is expected that Rgh and the InP solar cell efficiency will increase after mesa passivation. A
mesa passivation and a window layer should further increase the efficiency to 22%.

Ing 53Gag 47As tunnel junction

p*/m* Ing 53Gag 47As tunnel junction structures with different active layer

thicknesses (ranging from 0.2 to 0.8 um) and growth temperatures (450-530 ©C) were grown.
Devices were made using a standard wet etching process with mesa openings of 100 and 200
um in diameter. Evaporated Au was used for front and back contacts. No high temperature
annealing of the metallic contact layers was performed.
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The net carrier concentrations as extrapolated from Hall measurement data for devices
discussed here were varied from NA=1.3x1019 to Np=5x1019 ¢cm-3 in the p-type layers, and

from Np=7x1018 1o Np=1.3x101® c¢m3 in the n-type layers. Thus, junctions with highly
degenerate n type sides (> 10 kT) and degenerate p type sides (> kT) were obtained, resulting in
devices with effective dopings N'=NaNp/(Na+Np) ranging from 5.9x1018 to 8.3x1018 cm-3.

All our devices exhibit excellent I-V characteristics. Peak current densities obtained in
this work are among the highest ever reported for epitaxial tunnel junctions. The best room

temperature peak current density exceeds 1000 Alcm?2 (Figure 7); and specific resistivities lower
than 104 Q.cm2 were measured. Maximum resistivities Rmax (peak current to peak voltage

ratios) are in the 2x10°4 to 5x10"4 Q.cm? range, making these junctions highly suitable as I0Cs
for the InP/InGaAs tandem solar cell. High peak to valley ratios are exhibited by many devices
with room temperature peak to valley ratios of 9 and peak current densities greater than 550
Afcm?2 .

in order to investigate the evolution of the tunnel junction properties when incorporated
in the InP/InGaAs tandem solar cell structure, an InGaAs tunnel junction with an effective doping

of 7x1018 cm-3 was subjected to the growth of a thick (>3 um) InP solar cell. Prior {o the solar
cell growth, the tunnel junction coated wafer was cut in two pieces. One piece was processeL as
a reference sample. The InP solar cell regrowth structure was realized with standard parameters
(doping and layer thicknesses) on the second piece of the wafer (ref. 7). Following the growth
process, the InP solar cell was selectively etched using a HCI solution and mesa processing was

accomplished. Even after more than 2 hours at 560 °C, no degradation of the tunnel junction
characteristics is observed. The device still exhibited very high peak current densities, up to 860

AJcm2 as shown in Figure 8. Hence, our tunnel junctions are suitable for use in tandem
structures either in a planar or the more demanding pattemed electrical interconnect concept
(ref. 8). With the above characteristics (tunneling currents and resistivities), the voltage drop
accross a pattemed tunnel junction aligned with the top solar cell grid (e.g. 5% shadowing) at

concentration of 100 x AMO will be below 10-2 volts.
InP/InGaAs tandem solar cell with planar tunnel diode

A complete structure similar to that shown in Figure 3 was grown. In the following case
the 10OC for the tandem is realized with a planar tunnel diode. A very low photocurrent output for
these type of structures under natural sun light illumination is characteristic. In Figure 8 we
shown the electrical characteristics of this tandem under concentrated light stimulation. The
tandem’s V¢ is equal to the sum of that from the InGaAs botton cell (Vo1 ) and that from the

InP top cell (Vpe2) - Voe = Voot + Vocz =1.2 V)-. The SR was performed in order to investigate its

low photo sensitivity (Figure 10). Despite the low overall photocurrent ouput, the InP top cell has
a relatively good response. While the tandem responds fairly well for wavelenghts less than 920
nm, for photons with wavelengths between 920nm and 1650nm the SR is near zero. As expected
the 0.2um thick 10C tunnel diode absorbs nearly all the incoming photons thus totally blocking
the irradiation of the bottom ceil. The implications of this result is either the adoption of a tandem
cell structure using a patterned tunnel concept, as proposed by Shen et al (ref. 8), or the use of
ultra thin (~400A) planar tunnel diodes. Both of these concepts are possible using CBE and are
currently being investigated.

InP/InGaAs tandem solar cell with patterned tunnel diode
A structure similar to that of Figure 3 was grown but this time in a two-step process. First,
the growth of the InGaAs solar cell followed by the InGaAs tunnel diode was performed. The

sample was removed from the growth chamber and the tunnel diode was pattemed with the
same mask as the contact grid. Then, the sample was reloaded into the CBE chamber and the
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InP solar cell was grown on top. Figure 10 shows the SR (after anti-reflection deposition) of this
tandem. We see a noticeable improvement in the tandem photoresponse. The tunnel diode
patterning has allowed a much higher illumination of the bottom cell. The InGaAs bottom celi
however displays a higher SR compared to that of the InP top cell. This is mainly due to
inhomogeneous etching during the patteming step and regrowth issues resulting in an
- inhomogeneous and poor quality InP material in the top cell. Nevertheless under light
stimulations the pattemed tunnel diode shows low resistivity and the tandem I-V characteristics
display good ohmic IOC behavior even for high polarization. It is clear that regrowth procedures
optimization will be necessary.

CONCLUSION

Chemical beam epitaxy has been shown to allow the attainment of high quality InGaAs
and InP layers. InP and InGaAs solar cells have been obtained with high efficiency
pholoconversion, 10.2% for InGaAs solar cell and 18% for InP solar cell. The tunnel diodes
obtained with this technique have very high peak current densities and show to be thermically
stable during the top cell growth. This realization has permitted the fabrication of monolithically
integrated tandem solar cells. The planar tandem device exhibits an open-circuit voltage equal
to the sum of that of the individual sub-cells (Voc = 1.2 V) demonstrating negligible voltage drop
at the interconnect, but the InGaAs tunnel diode was shown to absorb highly thus blocking
irradiation of the InGaAs bottom cell. By using pattemed tunnel junctions we observe a
significant improvement in the tandem photoresponse, but a lower spectral response for the top .
InP cell. Work underway is focusing on optimization of the regrowth procedures to address this
problem.
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TABLES

Table I. - Shunt Resistance (Rgp,), Saturation Current (Jg) and Ideality Constant (n) for the solar
cells studied in this work.

Sample inGaAs InP Pattermed Planar
tandem tandem
Rsh 4.2x10°5] 025 | 1.2x10°3 2
(MQ*cm?)
Jg 06 8x10-9 0.7 8x10-4
(mA/cmz)
n 2.2 1.65 —_ —
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Fig. 1 - GaP/GaAs/InP superlattice, a 50-period GaP(5ML)/GaAs(32ML)/InP(5ML)/GaAs(27ML),
(a) cross-sectional TEM and (b)High resolution x-ray diffraction pattems (ref. 6).
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Fig. 3 - InP/InGaAs tandem solar cell structure. Doping levels and thicknesses are shown.
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ABSTRACT

Recently, we have succeeded in fabricating diffused junction ptn(Cd,S) InP solar cells with measured
AMO, 25 OC open circuit voltage (V) of 887.6 mV, which, to the best of our knowledge, is higher than
previously reported V. values for any InP homojunction solar cells. The experiment-based projected
achievable efficiency of these cells using LEC grown substrates is 21.3%. The maximum AMO, 25 °C
efficiency recorded to date on bare cells is, however, only 13.2%. This is because of large external and
internal losses due to non-optimized front grid design, antireflection (AR) coating and emitter thickness. This
paper summarizes recent advances in the technology of fabrication of p*n InP diffused structures and solar
cells, resulted from a study undertaken in an effort to increase the cell efficiency. The topics discussed in this
paper include advances in: 1) the formation of thin pYt InP:Cd emitter layers, 2) electroplated front contacts,
3) surface passivation and 4) the design of a new native oxide/AlyO3/MgF three layer AR coating using a
chemically-grown P-rich passivating oxide as a first layer. Based on the high radiation resistance and the
excellent post-irradiation annealing and recovery demonstrated in the early tests done to date, as well as the
projected high efficiency and low-cost high-volume fabricability, these cells show a very good potential for
space photovoltaic applications.

INTRODUCTION

Owing to their excellent radiation resistance and annealing properties (refs. 1, 2), InP solar cells hold
great promise for space power applications. In 1990, within a few short years after the renewed interest in
the development of InP solar cells began in 1985, driven by early reports from NTT, Japan (ref. 4), an
AMO, 25 OC efficiency of 19.1% was already achieved on a 4 cm?2 InP cell (ref.5). These ntppt(Si,Zn)
InP cells, developed by SPIRE Corp., were fabricated by MOCVD growth of the active layers on a heavily
doped p*-InP:Zn substrate. The achievement of such a high efficiency in such a short period of time is
particularly important since no special efforts were made to reduce external losses associated with an
unpassivated surface and with the use of a ZnS/MgF, AR coating, developed for GaAs based solar cells. An
unpassivated surface is suggested both by the low V¢ value of 876 mV, and the low blue response for
an emitter thickness of only 30 nm. By passivating the front surface, the projected AMO, 25°C efficiency of
22% for these cells seems very realistic. Given this unprecedented short term success in developing high
efficiency InP solar cells, and the relatively large accepted potential of these cells for high radiation
environment space solar cells applications, it is rather odd that research funds from the space agency have
continuously declined after 1990. A possible explanation of this, besides shrinking research funds, is the high
cost of presently developed all-epitaxial high efficiency InP solar cells. For small power applications, where,
beside radiation resistance, high BOL efficiency is required, the use of all-epitaxial InP solar cells grown on
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InP substrates might be justified. However, their high wafer and processing costs, prohibit their large scale
use in space solar cell arrays.

The cost of InP cells is due, to a significant extent, to the high cost of InP substrates. Hence, a large cost
reduction might be achieved through heteroepitaxial InP solar cells grown on cheaper substrates such as Si or
Ge. The increase in their AMO, 25 OC efficiency above presently achieved 7.1% (ref.6) for Si and 9% (ref.
7) for Ge substrates respectively is expected to come through the growth of GaAs based intermediate layers
to accommodate the large lattice mismatch between InP and Si or Ge. Should these heteroepitaxial cells
exhibit a BOL efficiency in excess of that of presently used Si space solar cells while retaining the radiation
tolerance of homojunction InP solar cells, then, due to their lighter weight, lower substrate cost, and lower
fragility, as compared to all-InP solar cells, they would have a very good potential for large scale use in
space solar arrays, provided that the processing costs could be kept within reasonable limits.

A significant cost reduction over epitaxy can be achieved through the use of diffused junction InP cells.
Until recently, the only InP solar cells fabricated by thermal diffusion were of the n*p configuration. Cells
fabricated by closed ampoule diffusion have yielded maximum AMO, 25 OC efficiency of 16.6% for a (S,Zn)
cell (ref.8), 14.35% for non-optimized (S,Cd) cell (ref.9), and 15.2% for an open tube diffusion (S,Zn) cell
(ref.10). The n*p (S,Zn) InP cells made by closed ampoule diffusion have high radiation resistance (ref.1),
and independent studies (e.g. refs. 11, 12) have shown much higher annealing rates after irradiation, under
cell operating conditions, than high efficiency nt +/n*/p/pt+ (Si,Zn) all-MOCVD InP cells (ref.5).

The drawback of the ntp (S,Zn) diffused InP cells is that a large number of defects are present after
diffusion both in the n¥* emitter and in the p-base, which, as shown above, makes the solar cell efficiency
lower than that of all-MOCVD n+p (Si,Zn) InP cells. Since, neglecting surface effects, of all solar cell
performance parameters, V. can be regarded as the best measure of how low is the defect density within a
given cell structure from among the different cell structures, its value can give useful information about the
quality of each cell structure. For example, for the best ntp (S,Zn) diffused cell with AMO, 25 OC
efficiency of 16.6%, measured at NASA LeRC, the V. was only 828 mV as compared to 876 mV for the
higher AMO efficiency (19.1%) of the MOCVD-grown cell.

At the 11th SPRAT Conference, we predicted that for diffused solar cells, the p*n configuration has a
higher potentially achievable maximum efficiency than the n¥p configuration due especially to an increased
Vg (ref.13). The prediction was based on AMO, 25 OC V.. values of 860 mV we measured for p¥n (Cd,S)
InP solar cells as compared to experiment-based projected maximum V. of only 840 mV for our n*p
(S,Cd) InP cells. For our thermally diffused p*n and n¥p structures, the ranking for projected maximum
efficiency, in decreasing order, is: (1) p*n (Cd,S); 2) ntp (5,Cd); 3) ntp (S,Zn), and (4) pTn (Zn,S).
The large structural and electrical-type defect density we found in the emitter and the base of structures (2) to
(4) as compared to structure (1), explains Vg, I, and M limitations of the last three structures. This also
explains why, although a large experimental effort was made by NTT to improve V. and efficiency of
diffused n*p (S,Zn) cells, the independently confirmed maximum efficiency was of only 16.6%. However,
more recent work performed on NTT fabricated ntp cells (ref.14) has shown that the AMO efficiency of
one such cell could be increased from 14.8% to 17.5% by plasma hydrogenation at 150 °C. The large gain in
T is due to a sensitive increase in Jg, which is thought to be due to a decrease in H2 and H3 trap center
densities in the p-InP:Zn base, and the formation of a n*-p-pt structure. A small increase in Vo is
thought to be due to a decrease by hydrogenation in surface and space charge recombination. For nTp
structures, we found Cd-doped substrates to be inherently superior to Zn-doped substrates (ref.10), and the
experiment based practically achievable AMO efficiency of diffused ntp (S,Cd) InP solar cell using
relatively large EPD (- 5x10% cm2) substrates is about 18.8%.

A preliminary investigation of p*n and n¥tp diffused structures and solar cells, prior to and after
irradiation with 1013 ¢m=2 3 MeV protons indicates that the same ranking should hold for structures (1), (2),
and (4) with respect to radiation resistance as mentioned above for maximum efficiency. The pt emitter of
p*n (Cd,S) InP diffused structures exhibits very low radiation induced carrier removal rates (ref.16), which
is thought to contribute to the increased radiation resistance of these cells as compared to other InP cell
structures for which 3 MeV proton irradiation studies are available. Another interesting characteristic of
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these cells is a remarkable annealing property at room temperature in the dark, which might be very
attractive for other applications such as long-life alpha- or beta-voltaic batteries.

Recently, using a P-rich passivating layer grown by chemical oxidation, we have succeeded in fabricating
diffused junction p¥n(Cd,S) InP solar cells with measured AMO, 25 OC V. of 887.6 mV (ref.16), which to
the best of our knowledge is higher than previously reported V. values for any InP homojunction solar
cells. Although the experiment based projected achievable efficiency of these cells using LEC grown
substrates is 21.3% (ref.17), the maximum AMO, 25 OC efficiency recorded to date on bare cells is only
13.2%. This is because of large external and internal losses due to non-optimized front grid design,
antireflection coating (ARC) and emitter thickness. This paper summarizes recent advances in the technology
of fabrication of p ¥ n InP diffused structures and solar cells, resulting from a study undertaken in an effort to
increase the cell efficiency. These advances include: 1) the formation of thin pt InP:Cd emitter layers, 2)
electroplated front contacts, 3) surface passivation and 4) the design of a new native oxide/AlpO3/MgFp
three layer AR coating using a chemically-grown P-rich passivating oxide as a first layer. The paper will
also discuss some light instability problems associated with high Zn content front Au-Zn contacts and
preliminary radiation resistance and post-irradiation annealing studies.

EXPERIMENTAL

Cd diffusion into n-InP:S (Np-Np = 3.5 x1016 t0 3.1 x1017 ¢cm3) was performed by a closed ampoule
technique using Cd3Py as diffusion source (ref.18). Diffusion temperatures were from 560 to 660 °C. The
substrates were Czochralski (LEC) grown with EPD of about 5 x 104 cm=2. Diffusions were performed
through either P-rich chemically grown (ref.13) or MOVPE grown InGaAs cap layers.

The surface quality of diffused samples was monitored by either Nomarski or SEM microscopy.
Electrochemical techniques (ref.19) were used for step-by-step characterization of these diffused structures
during fabrication and after irradiation with high energy protons using a  Polaron profiler PN4200,
manufactured by BIORAD. We have recently developed a new electrolyte, which we call "UNIEL", for EC-
V profiling of InP and GaAs based structures (ref. 19). In order to accurately locate the position of different
defect levels derived from low frequency EG-V measurements, we have began, in parallel,
photoluminescence measurements at S K on several Cd diffused samples. The excitation wavelength was 514
nm at a power density of 160 mW/cm2. Luminescence was dispersed in a 1.26 meter spectrometer and
detected with cooled CCD array. The system resolution was about 0.5 meV.

Small area (0.48 cm?) ptn InP solar cells were fabricated using Zn- and Cd-diffused structures. Au was
used for the back contact. The Au-Zn-Au (0.18 to 1.5 pm thick) front contact grid was deposited by
evaporation and defined using existing photolitographical masks, designed for n/p cell configurations. Au
based contacts are known to penetrate into InP during sintering at 430 OC up to depths which are over three
times the initial thickness of the evaporated Au-Zn-Au layer. Hence, we kept the thickness of the emitter at
quite a high value (up to 5 pm) while keeping the thickness of the evaporated contacts below 0.2 pm. After
sintering, the thick emitter was thinned down over the uncontacted area using a chemical etch (PNP),
specially developed for this purpose (ref.20). Recently we were able to fabricate thin pT emitters using Cd-
diffusion, by using either thicker P-rich oxides or InGaAs cap layers. New front contact schemes, employing
electroplated Au and Au-Zn developed for thin emitters will be discussed in the following paragraph. We
also propose a new optimized three-layer ARC for InP solar cells, which uses a P-rich chemical oxide as a
first layer in a In(PO3)3/Al03/MgFy structure. This P-rich chemical oxide, which is described in more
detail elsewhere (ref.16), is primarily designed as a surface passivation layer.

Unless otherwise mentioned, the performances of solar cells in this paper refer to non optimized single
layer ARC using only the passivating layer. Dark and illuminated solar cell performances and their variation
with illumination time or temperature were recorded at CSU using a computer controlled facility and an ELH
lamp (assumed AMI1.5 spectrum) as the light source. For selected cells, dark and illuminated I-V
characteristics, and their variation with time, as well as reflectivity and spectral response measurements were
performed at NASA LeRC.
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RESULTS AND DISCUSSION

At the last SPRAT conference we reported an AMO, 25 0C, V. value of 880.3 mV for a diffused p*n
(Cd,S) InP solar cell. Since the maximum efficiency was only 12.57% as compared to projected achievable
maximum efficiency of 21.3%, over the last year we have concentrated our efforts to reduce the large
external and internal losses due to non optimized front grid contacts, AR coatings and emitter thickness,
while further improving the diffused structure quality, by reducing the defect density in the emitter and
junction area.

Since, of all solar cell parameters, V. can be regarded as the best measure of how low is the defect
density within a given structure from among the different cell structures, its value can give useful information
about the quality of each cell structure. Recently, using a P-rich passivating layer grown by chemical
oxidation, we have succeeded in fabricating diffused junction p+n(Cd,S) InP solar cells with measured AMO,
25 0C V,,; of 887.6 mV (Fig.1), which to the best of our knowledge is higher that previously reported Vi
values for any InP homojunction solar cells. The achievement of such a high V. value for a diffused
junction cell with no AR coating, except for the thin passivating layer, is remarkable if one takes into
consideration that the InP:S LEC grown substrates used have had a rather large EPD of 5-7 x 104 cm2.
From the dark I-V characteristic (Fig.2), the dark saturation current density J, (A=1) has a record low value
of 1.38 x 1017 Afcm2, which explains the high Ve value.

The cell was fabricated by thinning the emitter from its initial thickness of about 4.5 pm to about 0.45
Km, after sintering the Au-Zn front contact. The relatively low short circuit current density (Jgc) of 26.3
mA/cm? and the low external quantum efficiency (EQY) of this cell can be explained by the large
thickness of the emitter (0.45 [Lm, compared to the optimum thickness of ~ 0.25 im) and the absence of an
AR coating. Figure 3 shows the EQY of this cell. Worth noticing is the relatively high blue response for a
pt emitter as thick as 0.45 Um, suggesting a large diffusion length in the Cd doped emitter and a well

passivated surface. The cell had a high Rg of about 3.5 Q-cm? due to relatively high contact and sheet
resistance and non optimized front grid design (an existing photolitographical mask designed for n/p cell
configurations was used), resulting in low FF of 69% and efficiency of only 11.98%.

Next paragraphs summarize recent advances in p¥n InP diffused structures and solar cell technology,
undertaken in an effort to increase the cell efficiency. This includes the formation of thin p¥-InP:Cd emitter
layers, electroplated front contacts, surface passivation and the design of a new native oxide/Al,03/MgF;
three layer AR coating structure using a chemically-grown P-rich passivating oxide as a first layer. Also
discussed are some light instability problems associated with high Zn content front Au-Zn contacts and
preliminary radiation resistance and post-irradiation annealing studies.

Emitter Layer

As mentioned above, for cells such as that shown in Fig.1, thick emitters have been used. This adds a
troublesome fabrication step, which affects the reproducibility of cell performances. Furthermore, as seen
above, using thick emitters such as in Fig.4, thinning from over 4 [im to below 0.5 {m has the drawback of
reducing the surface hole concentration in the thinned emitter, thereby increasing the series resistance (Rg)
and lowering the fill factor (FF). A more step-like diffusion profile such as in Fig.5, was possible by
optimizing the thickness of the In(PO3)3-rich chemical oxide (- 10 nm), used as a diffusion cap layer. To
further decrease the Ry values of these cells, two avenues were undertaken:

(a) Since the optimal emitter thickness is estimated at about 0.25 to 0.3 lm, we were able to

fabricate thin emitters while maintaining the high surface acceptor concentration (see Fig.6).

() Use low band gap diffusion cap layers such as InGaAs. Example: The EC-V diffusion profile

in Fig.7(a) was realized using an intentionally undoped InGaAs cap layer. Curve (b) refers to
a diffusion carried out under similar conditions (600 ©C, 25 min., and same amount of Cd3Pp
source material) using a thin In(PO3)3-rich chemical oxide cap layer. As expected, the
InGaAs cap, after Cd diffusion becomes highly doped, which should improve the contact
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resistance. However, in this case, since InGaAs cap is not stable at higher temperatures, the
hole concentration in the InP:Cd emitter is rather low, which should increase the sheet
resistance.

Electroplated Front Contacts.

For thin emitters (0.5 to 0.75 {m) we first tried thin (0.1 pm) Au-Zn evaporated contacts, with an intent
to then deposit thicker electroplated contacts after sintering. However, after sintering the contacts at 430 °C,
for 2 minutes, the contacts penetrated at depths greater than the emitter thickness, short-circuiting it. For
lower sintering temperatures the contacts lifted during subsequent chemical treatments in PNP etch (ref.20)
we are using both for surface passivation and thinning the emitter. For these samples, after removing the
evaporated contacts, Au-Zn and Au-Cd front contacts were fabricated using conventional UV lithography
and electroplating. The positive photoresist (- S m thick) was deposited on clean and chemically oxidized
emitter surfaces. In both cases about 0.5 pm Au-Zn or Au-Cd were first electrodeposited by pulse plating at

pulse current density of 0.5 to 2 mA/cm2, then 5 to 18 m Au was deposited at a constant current density of
0.2 to 0.3 mA/cm2. When using clean surfaces the width of the contact grid fingers became up to 3 times the
designed values, while their width have not increased significantly when a 20 to 50 nm chemical oxide was
used. Electroplated Au-Zn or Au-Cd front contacts we found are well suited for deposition on thin emitters
since they do not require sintering. For example, using - 8 Hm thick electroplated Au-Zn contacts, grown on
a 0.6 um thick emitter, using an oxidized surface, we recorded Rg values as low as 1.28 Q—cmz, and FF
values of over 80%, after thinning the emitter to about 0.3 to 0.4 um. Since for p/n configuration the sheet
resistance is a major contributor to Rg, we estimate that by using an optimized front grid mask, R values of
less than 0.5 Q-cm2 and FF greater than 84% can be achieved after thinning the p T emitter such as in Fig.6

to 0.25-0.3 um.
Surface Passivation

One of the key factors limiting the performance of InP solar cells is their high surface recombination
velocity (SRV), which is estimated, even for epitaxially grown cells to be as high as 107 cm/s (ref.21).
Although not near to such an extent as the ntp InP structures, p¥n InP structures fabricated by thermal
diffusion have their surface stoichiometry destroyed. Therefore, it is important in the fabrication of high-
performance InP solar cells in general and diffused InP cells in particular, to remove in a controlled manner
the high defect density surface layer of the emitter and to passivate the surface. Calculations have shown that
SRVs higher than 5 x 105 cm/s drastically reduce the efficiency of InP solar cells by lowering their blue
response (ref.22). Simple chemical treatments of InP surfaces using HNOj3 and HF based etchants (ref.23)
were found to decrease the SRV to below 5 x 105 cm/s, e.g. 1.7 x 105 for n*-InP and 4.7 x 105 cm/s for
pt-InP, after rinsing the substrates in a HNO3 (15%) solution (ref.24).

Using the PNP etch, based on HNO3, 0-H3POy4, and HpOp, we developed for thinning after contacting
the pt-InP emitter (ref.20), from low frequency EG-V measurements, we recorded a surface state density
minimum (Ngg) at the Cd-diffused pt-InP/passivating layer interface as low as 2 x1010 ¢m=2 ev-1. About
40 nm was removed from the surface of a the p*n InP structure diffused at 660 OC (surface acceptor
concentration: - 4 x 1018 cm3). Such a low Ngg value is in good qualitative agreement with the high
measured V¢ and blue response values of solar cells fabricated on these structures.

AR Coating

The residual oxide grown on pt-InP using the PNP etch is composed of a thick In-rich outer layer and a
P-rich layer at the interface with the emitter (Fig.8). From XPS investigation (ref.20), the interfacial oxide is
rich in In(PO3)3. Since this oxide, as seen above, passivates the surface quite well, and it has a bandgap of

6.8 +0.2 eV (ref. 25), we proposed that it be used as a first layer AR coating (ref.16). The transparency of
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this oxide over the measured 1.8 to 5.2 eV range (ref.25) and its low blue reflectivity, as compared to SiO,
SbyO3, shown in Fig.9, and optimized ZnS/MgF; double layer AR coating (not shown here), seem to make
this oxide a very attractive candidate, indeed, for use as a first layer AR coating. In addition, when we
deposited on our bare p*n InP cells either SiO or SbypO3 or a double layer of ZnS/MgF5, the V. dropped
by as much as 50 mV, indicating a large increase in SRV. As shown in Fig.10, the two layered oxide (-~ 130
nm) reduces the reflectance of an p+n InP solar cell from an average of 40% to slightly less than 20%. In
this particular case, after removing the In-rich outer-oxide layer, the reflectance of the remaining thin
In(PO3)3 oxide is about 25%.

Although the overall reflectance of the double-layered chemical oxide in Fig.9 is lower than that of SiO, it
is still too high for use as a single layer AR coating. Furthermore, the outer In-rich oxide is unstable and
quite conductive, which caused for our cells a noticeable drop in Rgp, and V.. Therefore, we removed it,
and in our best design we add AlpO3 and MgF, as second and third layers of the three-layer coating. For
the example in Fig.10, a three-layer AR coating composed of In(PO3)3 (45 nm) / Al,03 (62 nm) / MgF, (41
nm), reduces the overall reflectivity (no grid fingers) to less than 2%. Details of this design will be given
elsewhere (ref.26).

Progress in p* n InP Diffused Solar Cells

As mentioned above, our efforts over the last year or so were concentrated on designing: 1) thin p+-InP
emitters, 2) front contacts, 3) passivating layer and 4) AR coating, so as to minimize the large external losses
present in our cells. Therefore, since these efforts were made simultaneously, solar cells were only
fabricated to check our progress and to correlate other measured parameters to solar cell parameters. Table |
shows some preliminary results. As an example, by using a more step-like diffusion profile of Fig.5 for cell
#3, instead of the more graded profile of Fig.4 for cell #1, the Ry value could be noticeably decreased, using
the same n-type front grid design. An increased FF made it possible to increase the AMO efficiency from
11.25% to 13.2%. The relatively lower V. for cell #3 is due to current leakage which occurs through the
In-rich oxide (- 110 nm) outside the mesa etched active area. This is confirmed by the data of cell # 4. As
seen, upon removing the In-rich outer layer, although the Jg. value decreased, as expected from the
reflectivity measurements such as shown in Fig.10, the V. value increased. The small increase in FF was
due to an increase in Rgp,. By depositing a non-optimized SiO (~ 85 nm) second AR coating layer, the cell
current density increased by about 12%. To make sure that no current is collected from outside the active
area of the cell, this particular cell was cleaved around the mesa etched defined lines, and no noticeable
changes in cell AMO parameters were observed.

From correlations between measured cell parameters, reflectivity, spectral response, dark saturation
current densities and Jg.-Vo. plots, the projected AMO, 25 OC performance parameters of p*n (Cd,S) InP
solar cells, using our state-of-the-art newly developed thin emitters, and optimal front grid (6% coverage),
and the newly designed three layer AR coating, are: V=910 mV, J .=37.85 mA/cm2, FF=84%, and 1
=21.2%. These performances are predicted for an emitter thickness of 0.3 pum, a surface acceptor
concentration of 3.5x1018 cm'3, base electron concentration of 7.5x1016 cm'3, front SRV of 107 c¢m/s, and
using LEC grown InP:S substrates with EPD=5x104 cm2. ‘Higher efficiency is possible by using better
quality substrates, further improving the diffused structures and the cell fabrication sequences.

Some light degradation effects have been observed in our earlier p*n (Cd,S) cells, which we have
attributed to excess Zn content (> 10%) in the Au-Zn front contacts. Indeed, as seen in Fig.11 by lowering
the Zn content to less than 10%, the relative degradation of cell parameters decreases from about 10% to less
than 1%. We believe that by using lower Zn content (0.1 to 1%) Au-Zn front contacts, which recent studies
indicate to offer a lower contact resistance, this problem can be eliminated. We observed similar degradation
effects in our ntp (S,Zn) diffused cells with high base acceptor concentation (> 1017 cm'3). However, as
seen in Fig.11 no light degradation is observed for a cell with lightly base doping (2.4 x 1016 cm'3).

Preliminary Radiation Resistance and Annealing Studies.
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Preliminary results of radiation resistance studies of diffused p¥n (Cd,S) InP solar cells, such as shown in
Table 2, indicate that the percent of remaining power (39%), after irradiation with 1013 cm‘2, 3 MeV
protons is higher than that of other InP cell structures, including the all-MOCVD fabricated n*p (Si,Zn) and
diffused ntp (S,Zn) InP cells, for which irradiation data using 3 MeV protons are available (ref.15).
Furthermore, this cell shows a remarkable annealing property at room temperature (RT) in the dark. The
AMO, 25 OC, performance parameters of this cell prior to irradiation and after about 1 year at RT in the
dark, are shown in Table 3. Subsequent light soaking of this cell for 1 hour under AM1.5, 25 OC, raised its
efficiency by about 2.5% (See Fig.11), indicating good annealing properties under illumination.

Preliminary radiation resistance studies and annealing studies of these cells have been started at Spire
Corp., after irradiation with high energy alpha particles. For one such cell, for which data are available, after
irradiation at an equivalent 1MeV e fluence of 1.06x1017 e/cm2, which corresponds to over 100 years in
GEQO, the remaining power output is 32% of the initial power (Table 4). As a result of a significant recovery
of about 6%, after only 4 days at RT in the dark, and an expected higher recovery rate under the cell
operating conditions (RT, under illumination), these cells are not expected to degrade significantly in high
radiation environment orbits, even after such large fluences.

We attribute the high radiation resistance of diffused p*n (Cd,S) InP cells to a a very low carrier removal
rate (Fig.12) in the emitter (ref.15). It is note worthy that the carrier removal in the InP:S base, after
irradiation with 1013 cm2, 3 MeV protons has decreased by more than an order of magnitude. For a thick
pT emitter, most of the cell current is not expected to come from the base or space charge region. Since, as
seen, the more heavily doped Cd-diffused emitter degrades less than the low doped base, the superior
radiation resistance of these cells, as compared to a thin emitter n¥p configuration with a thin emitter,
should be expected.

Low Cost Processing Scheme for High Efficiency Radiation Resistant p¥ n InP Diffused
Solar Cells.

For InP solar cells to be commercially useful for practical space mission applications, their cost must be
significantly reduced, and they should achieve high BOL and EOL efficiencies. For small to medium power
requirements, the weight might not be a prime requirement, as long as the cells are intended for high
radiation environments. Diffused structures InP cells in general, and p*n (Cd,S) cell structures in
particular, appear to be more radiation resistant than cells fabricated by epitaxy. A simplified processing
scheme is proposed in Fig.13, for fabrication of high efficiency, radiation resistant p*n InP diffused junction
cell. The scheme we propose ensures not only a low fabrication cost, but also high throughput and
reproducibility.

As shown in the previous paragraphs, preliminary results show that cells using Cd-diffused emitter have
not only a good potential for achieving high BOL efficiencies, but they also appear to be more radiation
resistant and to have better post irradiation annealing properties than other diffused cell structures. Since for
the p*n configuration, the Cd-diffused cells are more radiation resistant than the Zn-diffused emitter cells
fabricated using similar S-doped substrates, it will be very interesting to see how the radiation resistance of
epitaxial and diffused ntp cells, with similar structures, e.g. (S,Zn) do compare. Also it would be
interesting to compare p*n InP homojunction or heteroepitaxial cell structures with the emitter diffused into
a thin base grown epitaxially on heavily doped InP or cheaper substrates such as GaAs, Ge or Si with all-
epitaxial grown similar cell structures.

CONCLUSIONS
* We have found the ranking in decreasing order of projected maximum efficiency of diffused junction InP

solar cells to be: 1) p*n (Cd,S), 2) n*p (S,Cd), 3) n*p (5,Zn), and 4) p+n (Zn,S). Preliminary
investigation indicates the same ranking holds for these structures with respect to radiation resistance.
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If further developed, the p+n (Cd,S) InP solar cells, developed by CSU/NASA LeRC, offer the
following significant advantages for space power applications:

e Low processing cost

e High throughput

¢ Good reproducibility

* High projected efficiency

¢ High radiation resistance

s Self annealing during operation

The radiation resistance of these cells, combined with their annealing behavior under operating
conditions, may eliminate the need for shunt circuits used in conventional satellites to dump excess power
early in their missions.

Although InP has about twice the density of Si, or Ge substrates, the ability of diffused InP to anneal
under operating conditions allows the thickness of the protective cover glass to be reduced, compensating
for the difference in the substrate weight.

The technology of InP diffused structures, electroplated contacts, In(PO3)3/Al,03/MgF) ARC, and
improved electrochemical characterization techniques, developed in this work, can be applied to
fabrication of other III-V solar cell and opto-electronic devices.
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Fig.1. AMO, 25 OC illuminated I-V characteristic. Emitter thickness: ~ 0.45 um;
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Table 1: AMO, 25°C performances of selected diffused junction p*n (Cd,S) InP solar cells measured at NASA LeRC

Diffusion AR coating Approx. Rs Jsc Voc FF n
Cell#| Profile emitter | (Q-cm2) | | (mA/em2) | (mV) | (%) | (%)
such as thickness
in: (pm)
| fig. 4 | In(PO3)3b (~3004) 0.35 4,92 276 886.9 | 62.8 | 11.25
2 fig. 5 | In(PO3)3b (~4004) 0.45 3.24 27.5 884.6 | 73.7 | 12.95
3 fig. 5 |Inp032(900A)/ 0.4 3.35 282 881.7 | 726 | 13.2
In(PO3)3b (~300A)
InyO32 (1100A)/ 29.4 877.2 | 61.7 | 11.63
In(PO3)3b (~400A)
4 fig. 4 | In(PO3)3b (~400A) 0.3 438 27.6 886.6 | 628 | 11.25
SiO (~850Ay 30.95 8873 | 61.5 | 12.36
In(PO3)3b (~4004)

The residual chemical oxide after dissoluting the p¥ InP emitter usin

rich surface layer, and (b) an interfacial In(PO3)3-rich layer.

Table 2: AM1.5, 250C performance parameters of a diffused p*n (Cd,S) InP solar cell before (b) and after irradiation

with 1013 cm-2, 3MeV protons.

]

g the PNP etch [4], has two components: (a) a thick InyOs3-

Time after Yoc Jse FF n Rs )
irradiation (mV) (mA/cm2) (%) (%) (©2-cm#)
(hours)
o(b) 871 27.42 72.64 12.65 3.27
8 664 15.48 64.00 4.86 5.33
90 676 16.37 65.10 525 5.19
206 682 16.85 65.50 5.49 4.88
857 708 18.47 66.00 6.29 4.85

(*) The cell was kept at RT in the dark except for 6 short exposures to light during illuminated I-V measurements
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Table 3: AMO, 250C performance parameters of a p*n (Cd,S) InP
solar cell (same as in Table 2), before (b) irradiation and
1 year after irradiation (a) with 1013 ¢m-2 3MeV protons.

Voc Jsc FF n

(mV) | (mA/em?) | (%) | (%)
(b) 880.3 26.81 73.1 12.57
(a) 713.9 18.02 67.0 6.31

(*) Measurements performed at NASA LeRC. After irradiation,

the cell was kept at RT in the dark except for 6 light exposures
during the AML.5, 250C illuminated I-V measurements in Table 2.

Table 4: AMO, 259C performance parameters of a CSU p*n (Cd,S) InP solar cell prior to and after alpha irradiation

at 1MeV equivalent electron fluence of 1.06x1017 em-2,
Voc Jsc FF n Jo1 (n=1) | Jo2 (n2=2) Rs Rsh
(mV) | (mA/em2) | (%) (%) (A/em?2) (A/em?) | (Q-cm2) | (x 105 Q)
Before irradiation 888 27.18 69.21 12.17 2.8510-17 | 771011 3.66 5.1
Post irradiation 652 13.64 60.14 3.90 2721014 | 3.41008 6.04 2.8
After 4 days at RT 659. 14.32 60.14 4.13 211014 | 3.051008 | 5.1 2.6
in the dark

(%) The measurements and irradiation were performed at SPIRE Cor|

C. Blatchley.
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HIGH QUALITY InP-on-Si FOR SOLAR CELL APPLICATIONS

Zane A. Shellenbarger, Thomas A. Goodwin,
Sandra R. Collins, and Louis C. DiNetta
AstroPower, Inc.

Newark, Delaware

SUMMARY

inP on Si solar cells combine the low-cost and high-strength of Si with the high efficiency and
radiation tolerance of InP. The main obstacle in the growth of single crystal InP-on-Si is the high residual
strain and high dislocation density of the heteroepitaxial InP fiims. The dislocations result from the large
differences in lattice constant and thermal expansion mismatch of InP and Si. Adjusting the size and
geometry of the growth area is one possible method of addressing this problem. In this work, we
conducted a material quality study of liquid phase epitaxy overgrowth layers on selective area InP grown
by a proprietary vapor phase epitaxy technique on Si. The relationship between growth area and
dislocation density was quantified using etch pit density measurements. Material quality of the InP on Si
improved with both reduced growth area and increased aspect ratio (length/width) of the selective area.
Areas with etch pit density as low as 1.6 x 10% cm2 were obtained. Assuming dislocation density is an
order of magnitude greater than etch pit density, solar cells made with this material could achieve the
maximum theoretical efficiency of 23% at AM0. Etch pit density dependence on the orientation of the
selective areas on the substrate was also studied.

INTRODUCTION

The material quality of InP films on silicon has not yet achieved acceptable levels. The critical
issue is the reduction of dislocation density and residual strain. Yamaguchi (ref. 1) has estimated the
material quality characteristics required for obtaining high performance devices using lHI-V films on silicon.
A dislocation density of 108 cm2 and a residual strain of 109 dyne/cm? are the estimated requirements for
a solar cell. The lowest reported dislocation density of 3 x 107 ecm2 (ref. 2) for InP-on-silicon has not yet
reached this level. Hence, state-of-the-art accomplishments are not within the high performance solar
cell realm.

Both dislocation density and residual strain can be decreased by using a reduced growth area. It
may be possible to improve the quality of InP on Si solar cells by exploiting this property. Instead of planar
growth, a mosaic structure of closely spaced selective area growths can be grown. These mosaic units
can then be monolithically interconnected to form a large area InP on Si solar cell structure.

Reductions in dislocation density resulting from reduced growth area have been reported by many
groups for many different heterostructures. Noble (ref. 3) best described the reduction in dislocation
density by the illustrations shown in Figure 1. Limiting the film area limits the effective dislocation length,
which in turn reduces the probability of dislocation interaction and multiplication, and reduces the
dislocation density of the material. Figure 1 illustrates the reduction in dislocation density as a function of
effective dislocation length alone (dislocation interaction and multiplication are not illustrated).
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Reductions in residual strain through limiting growth area have been reported by several groups
for GaAs-on-silicon (refs. 4,5,6). Strain-relief in selectively grown films can be expressed by the bi-metal
model as:

€ = g4 (1 - exp [-k(w-x)])

where ¢ and ¢, are residual strain for selective area growth and planar growth, respectively, w is half the
patterned width, x is the distance from the center of the patterned film and k is the interfacial compliance
parameter (ref. 4). This equation shows that a reduction in film area (i.e., a reduction in w) causes a
reduction in residual strain (e < g,). For selective GaAs films on silicon, residual strain has been reduced
to zero by limiting film area to a 10 um by 10 um square (ref. 5).

The goal of this research was to quantify the benefits of reduced area InP films on silicon using a
combined vapor phase epitaxy (VPE) and liquid phase epitaxy (LPE) growth process. Etch pit density
measurements quantified the relationship between the growth area dimensions and dislocation density as
well as the relationship between dislocation density and the orientation of the selective areas. On the
basis of the demonstrated reduced area and combined technology benefits of GaAs films on silicon, we
expected a significant reduction in etch pit density that would bring the quality of InP films on silicon within
the device realm.

APPROACH

Single crystal n-type InP was grown on selectively masked on-axis (111) n-type Si substrates by a
proprietary VPE technique. The average thickness of the VPE buffer layer was .5 um. The growth areas
were defined by chemically etching selective areas in a thermally grown SiO, masking layer. The growth
geometry was evaluated using two different selective area patterns. Figure 2 displays the mask used to
evaluate growth area size and aspect ratio. This pattern had selective areas ranging in size from 60 um
by 60 um up to 4000 um by 4000 um. Figure 3 displays the mask used to test the orientation. This
pattern had 400 um wide selective areas oriented every 30°. On a (111) wafer the <110> and <112>
equivalent directions are aligned in alternating 30° intervals. The masks were aligned with one edge
parallei to the <110> edge. Therefore, on the mask in Figure 2 the selective areas were aligned with one
dimension in the <110> direction and the perpendicular dimension in the <112> direction. On the mask in
Figure 3 the selective areas were aligned in alternating <110> and <112> directions. The initial vapor
phase growth produced stray InP crystals on the SiO, surface that created melt carryover problems during
the LPE overgrowth. To prevent this, the selectively grown areas were masked with photoresist and any
excess InP crystals were chemically etched from the substrate surface prior to LPE. In preparation for the
LPE overgrowth, the substrates were cleaned in organic solvents and etched in H,SO4:H,0,:H,0
(2:16:1000) for 30 sec. '

The LPE growth system used for these experiments consisted of a quartz reactor tube, a 3-zone
moveable furnace, a mechanical vacuum pump, and gas sources of nitrogen and palladium-diffused
hydrogen. A graphite multi-well horizontal slider boat transported the substrate to the various growth
melts. In order to protect the VPE InP layer from thermal degradation, a Sn-In-P overpressure melt as
well as an InP polycrystalline cover wafer were used over the substrate prior to LPE growth. To enhance
wetting of the growth area, the first growth melt contained In:Sn (3:1) solvent. Successive melts contained
pure In solvent. The method of growth used was a two-phase ramp cool. Best results were obtained with
a growth temperature of 694°C, a supercool of 6°C, and a cooling rate of 0.7°C/min for the first layer and
0.25°C/min for each subsequent layer. It is necessary to grow multiple layers to distribute the strain
associated with the lattice mismatch of InP and Si. Growths with 3 and 5 layers exhibited good crystal
quality, free of cracks. The average total thickness of the LPE growth layers was 5 um. Figure 4 is an
illustration of the growth structure. Figure 5 shows the surface of a typical growth.
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The dislocation density of the growth surface was quantified with etch pit density (EPD)
measurements. To reveal the etch pits, the growth surface was etched in HBr:H,0,:HCI:H,0 (10:1:10:40)
for 10 sec. The etch pits are visible as triangular wells or depressions as in Figure 6. The EPD was then
determined by counting the etch pits in a known area on a photomicrograph. By analyzing several areas
across the growth region, an average EPD was accurately determined.

RESULTS AND DISCUSSION

The first area of focus of this research was to determine the relationship between the selective
area dimensions and film quality of the LPE overgrowth layers using the pattern shown in Figure 2. Etch
pit densities of the selective area growths were determined using the method previously outlined. Most
growths had EPD between 4 x 105 and 2 x 106 cm2 for the different selective areas. The lowest etch pit
density of 1.6 x 104 cm-2 was obtained for a selective area with dimensions of 80 pm by 2000 um. Figure
7 shows a graph of EPD versus selective area for a typical growth. As expected, the EPD decreased with
decreasing area. The sets of two data points connected by vertical lines represent selective areas with
the same dimensions but aligned perpendicular to each other. There was no substantial difference
between selective areas oriented in the two different directions. The numbers next to the data points are
the aspect ratios (length/width) of the selective areas. As seen in the graph, the data fall into two distinct
groups. The group having lower etch pit densities consists of those selective areas with large aspect
ratios (length/width). All of these selective areas have a short dimension of 500 um or less. Figure 8isa
plot of the etch pit densities versus the short dimension of the selective area for three different long
dimensions. Above a width of 500 pm there is little dependence on the short dimension. Below 500 pm
there is a strong linear dependence on the short dimension. The etch pit density reduces at a rate of
about 2000 cm2 for every 1 um reduction in the short dimension. Reducing the short dimension from 500
um to 100 um causes an order of magnitude reduction in etch pit density. Holding the short dimension
constant and varying the long dimension shows almost no change. These results indicate that a long thin
selective area will have substantially better material quality than a square selective area with the same
total area. We believe the explanation for this lies in the fact the material quality improves near the edge
of the selective area due to lateral overgrowth onto the masking layer. As the selective area becomes
thin, this effect starts to become significant.

The second area of interest was dependence of material quality on substrate orientation. Si
substrates were masked with the pattern shown in Figure 3. InP was then grown in these selective areas
using our vapor phase InP overgrown with LPE InP. After growth, etch pit density measurements were
performed on two of these samples. One had an average EPD of 4.05 x 105 cm2 in the <110> directions
and 7.64 x 105 cm-2 in the <112> directions. The other sample had an average EPD of 1.39 x 106 cm2 in
the <110> directions and 9.74 x 105 cm™ in the <112> directions. This result, along with the lack of
orientation dependence of the quality of growth in the first experiment, indicates that the material quality is
independent of the orientation.

While the etch pit density was not dependent on the orientation, the growth morphology was. The
selective area edges oriented in the <110> directions had jagged overgrowth while the selective area
edges oriented in the <112> directions had very smooth growth. The photograph in Figure 9 shows this
effect. We believe this is due to the fact that the InP growth nucleates in a triangular pattern that has its
flat side in the <112> direction. Figure 10 shows a photograph of an InP growth with only partial
nucieation. The triangular nucleation areas have a flat side parallel to the edge of the selective area
oriented in the <112> direction. For most applications, having the long edge of the selective area in the
<112> direction would be more desirable.
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CONCLUSIONS

Using selective area growth is one method for improving the quality of heteroepitaxial InP on Si.

Using a vapor phase buffer layer overgrown with LPE, etch pit densities as low as 1.6 x 10 were
obtained. The following conclusions about the effects of selective area growth were reached.

1.

2.

3.

The etch pit density of the InP/Si heteroepitaxial growth can be significantly reduced by reducing one
dimension of the selective area below 500 pm.

The etch pit density is not strongly dependent on the orientation of the selective area on the Si
substrate. : ,

Jagged overgrowth occurs on the selective area edges that are aligned in the <110> directions.

These results show it is possible to grown InP on Si by LPE with sufficient quality to support high

performance solar cells. In order to make use of the benefits of selective area growth for high
performance solar cells, methods to interconnect the individual areas must be developed.
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Figure 1: The effect of growth area on dislocation density (ref. 4). Heavy lines represent oxide stripes,
narrow lines represent dislocation segments, and stars represent dislocation nucleation

sources.

Figure 2: Mask design for film area vs. film quality study (scale = 10X).
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Figure 3;: Mask design to determine optimum selective area orientation (scale = 10X).

InP LPE Overgrowth

InP VPE Layer

Figure 4: Growth structure. I
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Figure 5: Typical LPE overgrowth surface (scale = 200X).

Figure 6: Typical LPE overgrowth surface showing etch pits (scale = 1000X).

87



20 x 10°

15 x 10°
£ 10x10 u 13.33
&
- Aspect Ratios
x
€ 50 x10°
w
0 Vi | 1 L L PTG |
10 x 10* 10 x 10° 10 x 10° 10 x 10"
Area (cm’)
Figure 7: Graph of etch pit density vs. film area for growth J11605.
1.60 x 10°
1.40x10° |
. |
o L] 1 ]
e 1.20x 10 . o
- (]
g 1.00x 10" +
3 :
= 800x10° ¢y . ® {ong Dimension 4000 um
S 6,00 x 10° o Long Dimension 2000 um
w . X T
+ Long Dimension 500 ym
400x10° +
2.00x 10° ¥
: 3
]
0+——1 . ; e ET T :
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Short Dimension (um)

Figure 8: Graph of etch pit density vs. short dimension for growth J11707.

88



Figure 10: Nucleation areas near <112> oriented edge (scale = 100X).
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P/N InP SOLAR CELLS ON Ge WAFERS
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SUMMARY

Indium phosphide (InP) P-on-N one-sun solar cells were epitaxiaily grown using a metalorganic
chemical vapor deposition process on germanium (Ge) wafers. The motivation for this work is to
replace expensive InP wafers, which are fragile and must be thick and therefore heavy, with less
expensive Ge wafers, which are stronger, allowing use of thinner, lighter weight wafers. An
intermediate In,Ga, P grading layer starting as In, ,,Ga, ;P at the GaAs-coated Ge wafer surface and
ending as InP at the top of the grading layer (backside of the InP cell) was used to attempt to bend
some of the threading dislocations generated by lattice-mismatch between the Ge wafer and InP cell so
they would be harmlessly confined in this grading layer. The best InP/Ge cell was independently
measured by NASA-Lewis with a one-sun 25°C AMO efficiency of 9.1%, open-circuit voltage of 790 mV,
fill-factor of 70%, and short-circuit photocurrent 22.6 mA/cm?. We believe this is the first published
report of an InP cell grown on a Ge wafer.

Why get excited over a 9% InP/Ge cell? If we look at the cell weight and efficiency, a 9% InP
cell on an 8 mil Ge wafer has about the same cell power density, 118 W/kg (BOL), as the best InP cell
ever made, a 19% InP cell on a 18 mil InP wafer, because of the lighter Ge wafer weight. As cell panel
materials become lighter, the cell weight becomes more important, and the advantage of lightweight
cells to the panel power density becomes more important.

In addition, although InP/Ge cells have a low beginning-of-life (BOL) efficiency due to
dislocation defects, the InP/Ge cells are very radiation hard (end-of-life power similar to beginning-of-
life). We have irradiated an InP/Ge cell with alpha particles to an equivalent fluence of 1.6 x 10
1 MeV electrons/cm? and the efficiency is still 83% of its BOL value. At this fluence level, the power
output of these InP/Ge cells match the GaAs/Ge cell data tabulated in the JPL handbook. Data are
presented indicating InP/Ge has more power output than GaAs/Ge cells at fluences in excess of this
value.

INTRODUCTION

The cost, weight, and fragility of InP wafers have impeded InP cell use in space. Therefore,
InP cells on light, strong, inexpensive silicon (Si) or Ge wafers are of great interest (ref. 1). This
paper reports the results of a Phase | Small Business Innovative Research program seeking to replace
the InP wafer on which the InP solar cell is epitaxially grown with a Ge wafer which has better
properties (Table I). Since InP is fragile, thick ~16 to 20 mil wafers are required for strength. Ge has
become a leading substrate for GaAs space solar cells, and is inexpensive if bought in large quantities.
Although the density of Ge (5.3 g/cm®) is similar to InP, Ge is stronger and therefore a thinner Ge wafer
than InP wafer can be used to increase the power density (W/kg) and lower the launch weight.
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Table |  Comparison of Ill-V Space Cells on InP and Ge wafers.

InP Cell InP Cell GaAs Cell
on Ge Wafer on InP Wafer on Ge Wafer
High-Volume Wafer Cost i ) i}
Wafer Density
v 5.32 481 5.32
Wafer Strength Strong Fragile Strong
Typical Thickness 8 18 8
(mils)
Wafer Weight
(g/em?) 0.108 0.220 0.108
One-sun AM0 BOL 9% 18% 18%
Efficiency (NASA) (Typical) (Typical)
BOL Cell Power Density 114
(W/kg) {Phase 1) 12 229
(10‘w|\?le%lo<:-/cnﬁ) 8% 12% 6%
Efficiency (Spire data) (Spire data) {JPL Handbook)
EOL Cell Power Density
(Wikg) 102 75 76

InP cells have more defects when grown on Ge wafers, due to differences in crystal lattice
constants of InP (5.87A) and Ge (5.66A). This lattice constant mismatch is 3.7% between InP and Ge.
Mechanical stress in the InP film grown on the substrate is relieved through the formation of dislocation
defects in the InP film. The dislocations act as recombination centers, and resulting in a lower
beginning-of-life (BOL) efficiency for InP heteroepitaxial cells (~10%) on Ge wafers than InP cells
(~20%) on InP wafers. However, the lower BOL efficiency of InP heteroepitaxial célls is compensated
by the lighter weight of Ge wafers compared to InP wafers (Table 1), so that the BOL power densities
for InP/Ge and InP/InP are similar, and we expect a higher end-of-life (EOL) power density from these
InP/Ge cells compared to GaAs or Si cells at high fluences.

The PN InP/Ge cells have lower BOL efficiencies than Spire's InP cell record efficiency 19%
N/P InP cells grown on InP wafers. However, we predict EOL efficiencies after high fluences will be
similar for these two InP cell types, since radiation damage will dominate the diffusion lengths in both
cell types, instead of dislocations dominating the diffusion length in InP/Ge cells, leading to similar EOL
efficiencies in both types. Therefore, because of their lighter weight, InP/Ge cells should have an EOL
power density about twice that of InP homojunction cells.

N-on-P InP-on-Si cells were investigated by Spire (ref. 2) with one-sun AMO efficiencies
of 9.9% the highest reported to date (ref. 3). Our Phase I goal in this program is to achieve
15% BOL efficiencies for P-on-N InP-on-Ge cells. We plan to work on lowering the dislocation density
through an improved In,Ga, ,P grading technique between the Ge wafer and the InP cell. By using a
P/N design, the need for a tunnel junction in N/P heteroepitaxial InP cell designs is eliminated. The
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tunnel junction is necessary in N/P designs due to outdiffusion of Si or Ge, N-type MOCVD dopants,
from the Si or Ge wafers into the back P-layers of the N/P cell. P-on-N InP cells may more radiation
resistant than even InP N-on-P cells, leading to higher EOL efficiencies (ref. 4). InP cells were

grown on GaAs (ref. 5) at NREL with efficiencies of 14% BOL at one-sun AMO (ref. 6).

The NREL work shows that a 14% BOL efficiency can be achieved in a heteroepitaxial cell with
significant dislocations. The dislocation density in the 9.9% AMO Spire InP/Si cells is 10x higher than in
the NREL work. If we can reduce the dislocation density in our InP-on-Ge cells to the level achieved
by NREL in its InP-on-GaAs work, a similar efficiency to the NREL work should be achieved, since Ge
(5.66A) and GaAs (5.65A) have similar lattice constants. The 15% Phase Il InP/Ge goal therefore
seems reasonable.

The power density of P-on-N InP/Ge cells at this early stage is already similar to the best N-on-
P InP cells on InP wafers, which have undergone much more development. Beginning-of-life efficiency
(9% AMO) of the P/N InP/Ge cells is limited partly by the new P-on-N InP cell technology used for the
first time in Phase I. We are now making 17% P/N InP cells on InP wafers, but at the time of this
program effort the P-on-N InP control cells on InP waters, our first, had reached only 12% efficiency,
mainly due to too thick (~2000A) an emitter layer, compared to the 19% N-on-P InP cells on InP wafers
with 300A emitters achieved after long development. As the performance of the P/N InP cell on InP
wafer baseline technology increases, so should the InP/Ge cell perfformance since we would be starting
out with a higher efficiency InP cell on the Ge wafer. It is important to realize that the best efficiency
the Phase | InP/Ge celis could possibly have is the ~12% efficiency of the control P/N InP cells on InP
wafers. The BOL efficiency of the InP/Ge cell at time of the program was substantially limited by the
P/N InP cell technology. This P/N InP cell technology should be improvable to levels approaching 20%.

. CELL STRUCTURE

Table Il shows the target epilayer structure used for the Phase I InP/Ge cells.

Table Il  Epilayer structure of P-on-N InP cell on Ge substrate.
. Doping Thickness
Layer Material om?® um Comments
Contact inGaAs is selectively etched from
c InGaAs P, ~10'°, Zn 0.3 photoarea, but left under front grid
ap )
metal to form ohmic contact
. 48 Thickness tradeoff - thin better for
Emitter InP P, ~10%, 2n 0.2 QE; thick better for low resistance
Base inP N, ~10", Si 15 1.5 um absorbs > 95% of AMO light
Back Surf. A0 Qi Reflects minority carrier holes,
Field InP N, ~107%, Si 0.5 enhances QE
InGa, P InP to N. 10" Si 8 Lowers dislocation density due to
Grading Ing ,sGa, 5, P ’ ’ InP/Ge laftice-mismatch
Nucleation GaAs N, 10", Si 1 Easier to grow on GaAs
Substrate Ge N, 10", Sb 300 Eagle-Picher epi-ready Ge wafers
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The epilayers are grown by MOCVD using trimethylindium, triethylgallium, and phosphine at

76 torr and a low temperature, 600°C, to limit zinc diffusion and emitter junction depth. Dimethylzinc is
being used for all P-type and silane for N-type doping, respectively. With an InP P/N cell design, we
desire a thin emitter to limit surface recombination loss and increase photocurrent; on the other hand,
the emitter must be thick enough so that along with increased cell gridline coverage (4% shadow loss),
a reasonable emitter sheet resistance I°R loss is obtained, compensating for the low maximum P-InP
emitter doping (~10'® cm'®, ~10X lower than N-InP) and mobility (~20X lower than N-InP) of the P-InP
emitter. ) '

A P/N design is used to avoid a tunnel junction present in N/P designs. Germanium is an
N-type dopant in llI-V semiconductors in the metalorganic chemical vapor deposition (MOCVD) process,
outdiffuses from the Ge wafer during epigrowth into the back of the cell. In an N/P design, Ge would
create an opposing P/N junction in the P-type back layers of the cell. This parasitic junction must be a
tunnel junction for the cell to pass current, increasing complexity in N/P cell designs. In a P/N design,
the back N-type doping is simply increased by the Ge diffusion and is of little concern; no tunnel
junction is needed. In addition, various NASA-Lewis papers indicate P/N InP cells may eventually be
more efficient than N/P cells due to higher obtainable open-circuit voltages and amenability to surface
passivation.

A high density of defects, mainly dislocations, form in the material to accommodate the lattice-
mismatch (3.7%) between InP and Ge. If these defects thread upward into the ceil through the
junction, they increase the dark current and act as minority carrier recombination sites, lowering the cell
efficiency. For lattice-mismatched heteroepitaxial cells, grading layers are used to attempt to bend the
threading dislocations harmlessly away parallel to the plane of the cell junction. In this program we
used an In Ga, P grading layer starting with In, ,,Ga, .,P lattice-matched to the GaAs-coated Ge wafer
and ending with InP. This grading layer will be discussed more fully in future publications conceming
InP/Si solar cells.

PRE-IRRADIATION CELL DATA

Table Il shows verified (courtesy of |. Weinberg and D. Brinker of NASA-Lewis) preirradiation
InP/Ge cell data of similar P/N InP cells on InP, GaAs, and Ge wafers. The 11.9% control cells on InP
wafers represent an upper limit of what the InP cells on Ge could achieve at the time of the program.
Recently 17% P/N InP cells on InP were made, so that if the new InP cell growth parameters were
used, a higher InP/Ge cell efficiency would be obtained than presented in this paper. Series resistance
from |-V data for all Phase | cells was ~0.5 Q-cn¥, causing ~10 mV drop in V,,, for the ~20 mA/cm®
photocurrent. The series resistance is dominated by the emitter sheet resistance. If we half the emitter
thickness, we will double the series resistance.

Table Il AMO one-sun data of Spire Phase I cells.
All one-sun AMO 25°C pre-irradiation 9 Vo Jsc FF Cell
Comments % mV mA/cm? % ID
|
P/N InP cell on InP wafer (control) 119 848 229 842 5668-2626-2-8

P/N InP cell on 8 um InGaP grade on
GaAs-coated Ge wafer 9.1 792 226 69.8 5714-2795-1-8

(NASA-Lewis verified measurement)
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CELL IRRADIATION

A second P/N InP/Ge cell, of a slightly lower BOL efficiency (7.5%) than the best cell shown in
Table Ill was mounted in a special test fixture for the destructive alpha irradiation test (equipment
courtesy of C. Blatchley and C. Colerico of Spire). An Am-241 alpha particle source was used to
irradiate the cells to explore how performance varies with radiation damage. Equivalent 1 MeV electron
exposures were determined by a non-ionizing energy loss (NIEL) calculation (ref. 7) for the alpha
source for a 1.5 cm separation between the 1 cm? InP/Ge cell centered under the alpha source in
vacuum. The calculation included effects of the angular incidence of particles at the cell edges offset
from the centerline, so that the divergence of the alpha particle beam from its 0.5 cm aperture was
taken into account. The alpha particle energy in the InP at the depth of interest is 3.643 MeV and the
calculated NIEL value is 0.29 MeV-cm?/g. The equivalent 10 MeV proton flux is 4.18 x 107 protons/
cm?-s. The equivalent 1 MeV electron flux is 3.55 x 10™ electrons/cm?-s or 1.28 x 10 electrons/
cm?-hour. AMO efficiency data and quantum efficiency data were taken before irradiation, and after 1,
8, 32, and 126 hours. The final 126 hour data set was equivalent to a fluence of 1.6x10' 1 MeV
electrons/ cm2. One of the advantages of using the alpha source for these experiments is that it is
possible to obtain high equivalent electron fluences in short times due to higher damage rate of the four
heavy nuclei (two proton, two neutron) of the alpha particles versus the lighter electrons. AMO data for
this cell is at various fluences is shown in Table 1V and Figure 1.

Table IV InP/Ge cell (7.5% BOL) one-sun 25°C AMO data at various equivalent electron fluences.

(Alpha particle irradiation) n Vac Jsc FF
Equivalent # of 1 MeV electrons/cm? % mv mA/cm? %
—
1.3 x 10" 75 774 234 57.1
1.0x 10" 7.4 768 235 56.2
41x10" 7.0 751 227 56.8
1.6x 10" 6.3 708 216 56.8
25 [rrrrrrerrprrrr e

P/N InP/Ge 7.5%

e —
BOL Cell : AMO Data
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Figure 1  AMO I-V curves of an InP/Ge cell before and after alpha irradiation.
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Figure 2 shows measured absolute quantum efficiency of the cell before irradiation and after
the maximum irradiation. As expected, most of the photocurrent loss seen in Figures 1 and 2 is due to
lower quantum efficiency at the longer wavelengths, which are absorbed further from the cell junction
and must diffuse to the junction to be collected. The radiation damage lowers the base (hole) diffusion
lengths in these P/N cells slightly, as seen in Figure 2 near the InP cutoff wavelength (920 nm). The
quantum efficiency at shorter wavelengths is affected very little, since, even though the diffusion lengths
are lower in the emitter also, the emitter thickness (0.2 um) is still small compared to the emitter
(electron) diffusion lengths (~1 um).

1.0h""l""l""I""I""I""l"o;”os;
> 0.9 - 7.5% BOL P/N InP/Ge Cell
Q Yt .
= - ]
g 08 Pre-irradiation .
07 F ;
w N ]
s 06 3
P F ]
> 0.5 3 E
g N b
F 0.4 "' ‘
< 03F 3
. |
W 02F7  anter 4.7x10"1 o /em? E
W 0.1F (equiv. ~ 1.6x1076 1 MeV eleiem?)| 1

o.o . o b v e by yvon o1 s vy a4 s g0 a1l a sy :
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WAVELENGTH (nm)

Figure 2 Absolute quantum efficiency of 7.5% BOL InP/Ge cell before and after irradiation. Drop
in longer wavelength QE indicates lower base diffusion lengths.

CONCLUSIONS

We have presented experimental data on P/N InP/Ge solar cells which indicate that this
technology is promising for space power use in long space missions or in very high radiation orbits.

The use of Ge wafers eliminates the need for costly, fragile, heavy, InP wafers. Even in its primitive
current state of development, these 9% BOL InP/Ge cells appear to have higher power output and cell
power density than either 19% BOL InP cells on InP wafers or 18% BOL GaAs cells on Ge wafers after
a fluence of ~10'° electrons/cm? (Figure 3). Future work would center on increasing the InP/Ge cell
performance so that it could compete with GaAs/Ge celis for space missions that do not require

extreme radiation resistance.
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Figure 3 Measured AMO power output versus electron fluence for P/N GaAs/Ge cells (from JPL
Solar Cell Handbook) and P/N InP/Ge cells (this work). Points are measured data; lines
through points are simple 2nd-order polynomial regression fit. Line labeled Phase Il is
simply a goal and is not measured data. This plot shows that even the primitive
Phase | InP/Ge cells have more power output after a fluence of 10" electrons/cnt than
the current mainstay GaAs/Ge cells. However, this fluence is very high, and is likely
only in high radiation (van Allen belt) orbits or for very long (~10 year or more) missions
in more standard orbits. The Phase Il goal shown indicates the point where these
InP/Ge cells could compete with GaAs/Ge for more standard, low radiation missions.
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SESSION I

THIN-FILM AND HIGH EFFICIENCY
CELL DEVELOPMENT






STATUS OF FLEXIBLE CIS RESEARCH AT ISET!

B.M. Basol, V.K. Kapur, A. Minnick, A. Halani, and C.R. Leidholm
International Solar Electric Technology (ISET)
Inglewood, California

SUMMARY

Polycrystalline thin film solar cells fabricated on light-weight, flexible substrates are
very attractive for space applications. In this work CulnSe, (CIS) based thin film devices were
processed on metallic foil substrates using the selenization technique. CIS deposition method
involved reaction of electron-beam evaporated Cu-In precursor layers with a selenizing
atmosphere at around 400 °C. Several metallic foils such as Mo, Ti, Al, Ni and Cu were
evaluated as possible substrates for these devices. Solar.cells with AM1.5 efficiencies of
9.0-9.34 % and good mechanical integrity were demonstrated on Mo and Ti foils. Monolithic
integration of these devices was also demonstrated up to 4"x4" size.

INTRODUCTION

Great advances have been made in polycrystalline thin film terrestrial solar cell
technologies since early 1980’s when the first promising laboratory devices with high
efficiencies were demonstrated. These cells were fabricated on polycrystalline CdTe and
CulnSe, (CIS) layers and they had AM1.5 conversion efficiencies of around 10%. During the
last decade, the polycrystalline thin film solar cell efficiencies have improved to over 15%
range and the stability data obtained from these devices has been very encouraging.

As the efficiency and the stability of the polycrystalline thin film solar cells have
improved through the years, these devices have become more and more attractive for space
applications where a reliable power source with high specific power is needed (refs. 1 and 2).
Cells and modules fabricated on foil substrates also appeal to some specific terrestrial markets
where flexibility is either required or preferred.

CIS and related compound thin film solar cells have already demonstrated terrestrial
conversion efficiencies of over 16% (the highest efficiency reported is 16.4% by NREL for a
Cu (In,Ga) Se, device). Preliminary tests also indicated that the radiation tolerance of CIS thin
film cells was superior to that of single crystalline devices under high energy electron and
proton irradiation.

Besides their radiation resistance and promise of high efficiency, CIS thin film devices
also offer to the space power market a high specific power and low cost. If these devices
could be fabricated on light-weight substrates and if they could be monolithically integrated
to form modules, they would become very competitive with the existing single crystal
technologies even if their beginning-of-life efficiencies were lower than those of the single
crystalline cells (ref. 3). The typical substrate for a high efficiency terrestrial CIS solar cell is
a 0.3 cm thick soda lime glass sheet. The main thrust of our effort in this program was the

! Work funded by NASA SBIR II contract No. NAS3-26615
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fabrication of these devices on thin metal foil substrates using the selenization method.

EXPERIMENTAL

A "substrate" device structure with Foil/Mo/CIS/CdS/Zn0 configuration was employed
in this work. The 1-2 micron thick Mo layer was sputter deposited on the 1-2 mil thick foil
substrate. CIS and CIGS (Cu(in,Ga)Se,) layers were grown by the selenization technique (refs.
4 and 5). In the first step of this process thin layers of Cu and In, and in some cases Ga, were
deposited on the metallic foils by e-beam evaporation. Thicknesses of the Cu and in layers in
these precursors were typucally 0.2 microns and 0.47 microns, respectively. Ga content was
varied from 0% to 20%. During the second step of the process the precursors were reacted
in a selenizing atmosphere containing H,Se gas at 400 °C to form the selenide compounds.
The selenization profile and the selenlzanon period were varied to optimize conditions so that
films of good electrical and mechanical properties could be obtained.

Devices were completed by CdS and Zn0O depositions. CdS layer was obtained using
the chemical dip method. This technique utilizes a meta-stable solution containing a Cd source
such as Cd-acetate, a sulfur source such as thiourea, and a complexing agent that controis
the rate of release of the Cd?* ions into the electrolyte. ZnO films were deposited by the
MOCVD technique to a thickness of 1-1.8 microns. Further details of the processing steps can
be found in our previous publications (refs. 4 and 5).

RESULTS AND DISCUSSION
Flexible Substrate Selection

We have evaluated various metallic foils as possible substrates for the growth of CIS
layers. Some of the factors that were taken into consideration in these evaluations are
indicated in Table | and they will be reviewed here.

The selenization technique for CIS film formation involves a reaction step during which
the Cu-In precursor layer is annealed in a reactive atmosphere containing H,Se gas. It is,
therefore, essential that the substrates selected for CIS cells do not participate in the reaction
between the Cu-In layers and the H,Se gas and/or they do not themselves react extensively
with the H,Se atmosphere at elevated temperatures. We found Mo and Ti foils to be the best
in terms of chemical stability in the reactive atmosphere of our selenization chamber.
However, we also determined that Al and Ni foils could be utilized provided that a Mo layer
of good mechanical integrity was interposed between the foil surface and the growing CIS
film. This thin Mo layer was found to act as an effective diffusion_barrier between the foil
surface and the CIS film and between the foil and the selenization atmosphere. Any pinholes
present in the thin Mo inter-layer deposited on the highly reactive foils of Al and Ni, however,
would allow an interaction between the CIS film and the foil substrate through these defects.
Such an interaction would give rise to the formation of areas in the growing film which were
associated with undesirable Cu-In-Al-Se, or Cu-In-Ni-Se compounds. The parts of the CIS film
with a defect free Mo inter-layer, however, were highly uniform suggesting that the Mo layer
deposited over the Al and Ni surfaces was an effective barrier to selenization at 400 °C. The
defect density of the Mo layers deposited on Ti and Mo foils was not a critical factor in
determining the stoichiometric uniformity of the CIS films grown on such substrates with
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limited reactivity. The main requirement for the Mo inter-layer in these cases was "good
adhesion to the foil surface”. Cu foils were extremely reactive and they could not be utilized
in our application even if they were covered on both of their surfaces by Mo layers. Mo/Cu/Mo
structures tested under selenization conditions quickly inter-diffused and Cu reacted with H,Se
forming copper selenides. More details of our studies on the reactivity of foil substrates can
be found in references 4 and 5.

Handling of the thin foil substrates during processing is a practical factor that needs
to be considered. Our experience showed that 1 mil thick- Mo, Ti and Ni foils could easily be
handied and they kept their mechanical integrity throughout the device fabrication steps. Al -
foils, on the other hand, tended to crease easily. Specially drawn "annealed™ Al foils were
better in terms of handling during the precursor deposition, but these substrates lost their
"springy” nature after the high temperature selenization step and they again became
susceptible to creasing.

In terms of specific power, Al and Ti are the two attractive choices as indicated in
Table I. Both of these foils would contribute only 0.6-1 kg/kW to the overall specific power
of CIS modules with 10W/ft? output. Thermal expansion coefficient match between the CIS
film and the substrate is best for Ti and, to a certain degree, Mo foils.

Based on these factors and the experimental results, we first adapted Mo foil as the
substrate because of our familiarity with this material as the back contact to CIS devices.
Later we initiated work on Ti foil substrates which are more attractive in terms of their light
weight and near-ideal coefficient of thermal expansion.

CIS Films and Solar Cells

it is very important to control the nature of the Cu-in precursor layers in the first stage
of our CIS deposition process. The thickness uniformity, the degree of alloying between the
Cu and In layers and the morphology of the resulting Cu-In precursor film are all factors that
determine the quality of the CIS layer obtained after the selenization step. In films containing
Ga, the place of this element in the precursor stack also affects the morphology of the
resulting compound film. Adhesion is of utmost importance for CIS layers, especially for those
deposited on flexible substrates. An important source of poor adhesion between a film
prepared by the two-stage technique and its Mo coated substrate is the stresses generated
in the CIS layer during the selenization process. We have eliminated this problem by carefully
engineering the precursor layers (ref. 4) and have successfully deposited well adhering CIS
layers on 6"x6" flexible Mo and Ti foil substrates.

Figure 1 shows the |-V characteristics of two CIS cells fabricated on flexible Mo (fig.
1a) and Ti (fig. 1b) foils. The area of these devices was 0.09-0.1 cm? and their AM1.5
efficiencies were 9% (active area), and 9.34% (total area) respectively. Witness cells
fabricated on glass substrates utilizing the same Mo layers, the same Cu-In precursors and the
same selenization procedures yielded efficiencies in the 11-12% range. Study of the flexible
cell parameters indicated that these devices, on the average, gave 30-40 mV lower V,, values
compared to the glass based cells. The J,. values were also lower but only by 1-2 mA/cm?2.
However, the parameter that was consistently low in flexible solar cells was the fill factor.
While the FF values of the glass based cells were typically in the 0.65-0.75 range, this range
was only 0.5-0.6 for the flexible devices.
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The SEM of figure 2 shows a cross sectional view of the CIS layer on a flexible Mo foil.
There are certain characteristics of the flexible CIS films that we noted in studying such
micrographs. The morphology of the CIS layers deposited on flexible foils are quite different
than those grown on glass substrates. The dome-like features that are commonly observed
in SEMs taken from the surfaces of flexible CIS layers originate from the dome-like pores that
can be seen at the Mo/CIS interface in figure 2. The crystalline quality of the flexible films is
also inferior to the crystalline quality of the glass based layers. This, we believe, is due to the
different surface qualities of the two substrates. Foil substrate surfaces provide a large
number of nucleation sites for grain growth and the resulting small crystals are not well
oriented. CIS films grown on foil substrates do not show the columnar grain structure often
observed in layers deposited on glass substrates. We have initiated work to address this issue
and increase the flexible cell efficiencies to the 12-13% range.

Module Integration Studies

Monolithic integration of devices fabricated on metallic substrates requires deposition
of an insulating layer over the metallic foil, and then a series of scribing steps to interconnect
and isolate the adjacent cells (fig. 3). Glass based integration techniques which use
mechanical scribers can not be utilized in the foil cell integration process because of the fragile
nature of the thin insulator. Possible interaction of the insulating layer with the selenization
environment is another factor that needs to be taken into account. We have carried out
module integration work on 4"x4" size foils and monolithically integrated 16 cells on such a
foil. Although these submodules demonstrated voltage addition the fill factor values are
presently low and they limit the efficiency at this time to below 5%. Work is in progress to
improve the efficiencies of these submodules to the 6-8% range by addressing the fill factor
issue. It should be noted that the data reported in this paper represents the highest efficiency
flexible CIS cells reported to date and the very first demonstration of monolithic integration
of CIS cells on a flexible metal foil substrate.
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TABLE I.

FOR FLEXIBLE CIS SOLAR CELLS

EVALUATION OF VARIOUS METALLIC FOILS AS A SUBSTRATE

Reactivity | Ease of handling | Coeff. of thermal | Contribution to
Foil Substrate | with H,Se | through process expansion’ | specific power™
(x 10°/°C) (kg/kW)
Mo low very good 4.8 2.29
Ti moderate very good 8.6 1.01
Al high poor (creases) 23 0.60
Ni high good 134 2.00
Cu very high very poor 16.5 2.01
(reacts and
becomes brittle)
* CTE for CIS ~ 7-9 ppm/°C
** Assuming 10W/ft? modules on 1 mil thick foils
viv) v (V)
01 02 03 og 0.1 0.2 0.3 0,4
1
I
(an) 2
3
vV _=0405V V=04V
1, = 37.5 mA/em? J,. = 38.9 mA/em’
FF = 0.597 FF. = 0.6
n =9.0% n=934%
Area = 0.1 cm? Area = 0.09 cm?
(a) (b)

llluminated |-V characteristics of two flexible cells fabricated on a) Mo foil, b) Ti
foil. Measurements were made under AM1.5 illumination.

Figure 1.
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Figure 2.

Figure 3.
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DEVELOPMENT OF A LIGHTWEIGHT, LIGHT-TRAPPED, THIN GaAs SOLAR CELL

FOR SPACECRAFT APPLICATIONS
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ABSTRACT

This paper describes ultra-lightweight, high performance, thin, light trapping GaAs solar cells for
advanced space power systems. The device designs can achieve 24.5% efficiency at AMO and 1X
conditions, corresponding to a power density of 330 W/m2. A significant breakthrough lies in the potential
for a specific power of 2906 W/kg because the entire device is less than 1.5 pm thick. This represents a
440% improvement over conventional 4-mil silicon solar cells. In addition to being lightweight, this thin
device design can result in increased radiation tolerance. The attachment of the cover glass support to
the front surface has been demonstrated by both silicone and electrostatic bonding techniques. Device
parameters of 1.002 volts open-circuit voltage, 80% fill factor, and a short-circuit current of 24.3 mA/cm?
have been obtained. This demonstrates a conversion efficiency of 14.4% resulting in a specific power of
2240 Wikg. Additionally, this new technology offers an alternative approach for enabling multi-bandgap
solar cells and high output space solar power devices. The thin device structure can be applied to any
1li-V based solar cell application, yielding both an increase in specific power and radiation tolerance.

PERFORMANCE CAPABILITY

I1I-V materials such as GaAs make excellent candidates for thin devices because they are direct
bandgap materials. The high absorption coefficient of such materials for light of an energy greater than
the bandgap makes it possible to fabricate cells in which the thickness of the active region is considerably
less than in indirect materials such as silicon. Light of photon energy greater than the bandgap is
absorbed within the first few microns of entering a direct bandgap semiconductor, so an ultrathin device
design is both feasible and advantageous. Conventional high performance GaAs solar cells are usually
comprised of epitaxial layers of GaAs and Al,Gaq_yxAs formed on a GaAs substrate. When GaAs devices
are fabricated on a thick GaAs substrate, the substrate acts only as a support and does not contribute to
the overall performance of the device.

The advantages gained from fabricating thin solar cells include a high power-to-weight ratio
(specific power) which is important for space applications. In addition, with a sufficiently thin device
structure (base thickness on the order of a diffusion length) the free carrier absorption is minimized and a
light trapped device becomes feasible. Light trapping increases the effective optical path length with the
use of a reflector and/or a textured surface. Incorporating light trapping into the device increases the
performance by increasing the short circuit current, while the reduced GaAs base thickness lowers the
reverse saturation current. Both of these effects enhance the open circuit voltage [ref. 1].

' This research was supported in part by the Ballistic Missile Defense Organization/Innovative Science
and Technology branch and the Department of the Air Force and managed by Phillips Laboratory, Space
Power and Thermal Management Division
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Because the device is thin, back surface recombination becomes an important issue.
Recombination of the carriers at the back surface is reduced by adding an Al,Gaq_yAs (x > 0.5) back
surface passivation layer. This layer also reflects carriers back to the p-n junction due to the built-in
electric field. Because the GaAs base is thin (< 2 microns), the carriers can reach the junction before they
recombine. The front surface is also passivated by an Al,Ga_,As (x = 0.85) layer which has a large
indirect bandgap. There is very little absorption in such a layer, allowing light into the underlying cell.
Because of the good lattice match to the GaAs, this layer eliminates the surface states and other
imperfections on the GaAs p-n junction surface that would ordinarily result in a high recombination velocity
and decreased diffusion length.

The use of liquid phase epitaxy (LPE) to fabricate thin devices offers significant advantages over
other techniques such as MBE and MOCVD. This technique produces high quality material while
maintaining low cost and simplicity. Inherent to the LPE technique is the fact that the dislocation density of
the epitaxial films produced is generally lower than the starting substrate. Therefore, the material is
superior in terms of diffusion length and lifetime. These benefits are partly attributed to the tendency of
impurities to segregate to the liquid (solvent) as opposed to the solid (epitaxial film). The ability to grow
multiple layers of controlled electrical conductivity is also useful in the proposed device design.
Segregation coefficients are well known so that the proper conductivity type and carrier concentrations
can be obtained in the epitaxial films. Phase equilibria for the Al-Ga-As system have been extensively
studied, resulting in the ability to precisely control composition.

The high efficiency and light weight of the cover glass supported GaAs solar cell can have a
significant impact on space solar array technology. Fig. 1 shows the specific power (power to weight
ratio) and power density of several candidate solar cells. AstroPower's GaAs solar cell design offers a
440% increase in specific power over that of a 14.5% efficient silicon solar cell. The specific power is
calculated assuming a 3-mil cover glass and a 1-mil silicone adhesive on the front surface of the solar celt,
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Fig. 1. Comparison of specific power and power density of candidate space solar cells.

AstroPower's approach combines the technology for a thin, light trapped GaAs solar cell with the
electrostatic bonding of GaAs to glass and a coplanar back contact technology. Rather than working with
p-type front contacts that interfere with the bonding of the glass to the solar cell, contact to the p-type
layers is made from the back of the device. This all back contact design also eliminates grid shading

108



which further enhances the performance of the GaAs solar cell. Since both contact grids are located on
the back surface, cell degradation from grid flattening and metals migration, associated with electrostatic
bonding of raised contact devices, is eliminated. Also eliminated are the bonding difficulties and the low
quality bond yields that typify electrostatically bonded, raised contact solar cells.

In order to obtain the highest efficiencies from thin (1.65 micron) GaAs solar cells it is necessary
to incorporate a high degree of light trapping in the cells. To generate the same level of current from a thin
device as is possible from a conventionally thick GaAs cell, the optical path length of the light must be
extended beyond the physical thickness of the device. The light must travel obliquely and be internally
reflected many times, allowing more of the light to be absorbed at a given thickness. Chemical micro-
machining or random texturing can be achieved on the front or back surfaces to redirect the light at an
oblique angle. Scattered light which is obliquely incident on the front surface at angles less than the
critical angle (16° for GaAs), will be totally internally reflected. Such optical confinement leads to effective
optical path lengths 2 to 10 times greater than the thickness of the active layers. The factor by which the
optical path is increased due to light trapping is called the z-ratio. For example, when the z-ratio is equal
to five, the optical absorption for confined light is equivalent to that of a solar cell with a thickness five
times greater.

The optimum reflector should have the maximum reflection over the appropriate wavelength
range. This aspect of light trapping is important since many reflector options (e.g. quarter-wavelength
dielectric films or distributed Bragg reflectors) are optimized for maximum reflectance at one wavelength
and exhibit high reflectance over only a narrow bandwidth. A 1-micron thick base requires a back reflector
which is effective over the wavelength range of 730 to 880 nm [ref. 11.

Using the LPE technique to grow a thin structure, bonding to a cover glass, and ultimately
removing the GaAs substrate allows for access to the back of the active region of the device. Thus an
optical reflector (such as Au or Ag) can be applied directly to the back surface. This offers significant
advantages over other techniques such as the use of Bragg reflectors grown by MOCVD on GaAs
substrates. The spectral width of Bragg reflectors is restricted, and to achieve a z-ratio higher than 2,
multiple Bragg reflectors must be used. As pointed out by Tobin et al,, [ref. 2], "the added complexity of
multiple Bragg reflectors" does not make this a practical approach. The use of the appropriate metal
reflector on the back surface provides reflection over a broad spectral range. This technology also
removes the excess weight of the substrate thus significantly increasing the specific power.

Modeling the thin GaAs solar cell shows benefits similar to those achieved in light trapped silicon.
For silicon devices, reducing the thickness of the device decreases the reverse saturation current, while
trapping the light leads to an increase in the short circuit current. In GaAs, however, the current gains are
smaller and most of the increased performance is realized from enhanced open circuit voltage. The three
most important features which lead to improvements in the efficiency of GaAs thin-film solar cells are:
increased optical absorption, improved collection efficiency, and photon recycling [ref. 3]. Photon
recycling is when photons generated by radiative recombination are optically confined so they can be re-
absorbed to generate minority carriers again. The enhanced optical absorption and improved collection of
minority carriers provide a modest increase in the short circuit current (lg¢). Because the solar cell volume
is reduced by thinning the device, the bulk recombination is reduced which reduces the dark current. The
reduced dark current and improved lg¢ result in an increase in the open circuit voltage. Also contributing
to an increase in the open circuit voltage is the fact that higher carrier concentrations can be used to
further reduce the dark current since a low minority carrier diffusion length can be tolerated in a thin
device. As light trapping increases for a given back surface recombination velocity, the solar cell
efficiency increases. When light trapping is considered, the p/n structure is more efficient than an n/p
structure since the long base diffusion length in the n/p structure is not as important when the solar cells
are very thin.
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RADIATION RESISTANCE

Radiation damage is the primary mechanism of degradation of GaAs solar cells deployed in
space. This gradual degradation in solar cell performance is due to a reduction in the minority carrier
lifetime that results from cumulative damage to the crystal lattice. As high energy particles bombard the
cell, the number of recombination centers is increased, resulting in a decrease in the minority carrier
lifetimes. The fact that light is absorbed in a shallow depth indicates that GaAs should have a better
radiation resistance than silicon. Since the minority carrier transport is over much smaller distances, the
diffusion length can be reduced by irradiation to much smaller values before having a significant effect on
the carrier collection at the junction [ref. 4] The thin light trapped GaAs solar cell design further enhances
the radiation tolerance because damage created several microns into the material by high energy particles
has no effect on photo current collection. The recombination region is thinner, thus increasing the
resistance to high-energy radiation. The cover glass can be specified to screen out low energy particles
corresponding to the chosen orbit, which normally cause damage at the surface [ref. 5].

Optimized emitter thickness and absorber layer doping can also contribute to radiation tolerance.
The emitter thickness is kept below 0.5 microns in order to reduce the distance which minority carriers
generated near the surface must travel to be collected. Because the entire device is less than 2 microns
thick, carriers generated deeper in the material can still reach the junction before recombining. This
becomes important when radiation has decreased the minority carrier diffusion length.

In conventional thick GaAs solar cells, the base layer carrier concentration is kept below
3x10"cm™ to improve the end-of-life (EOL) efficiency. In our thin device this effect is not as important
because of the reduced dependence on diffusion length. Higher carrier concentrations are incorporated in
order to reduce the dark current and thus enhance the open circuit voltage, while maintaining a radiation
tolerant device.

EXPERIMENTAL RESULTS

A schematic cross-sectional representation of the AstroPower prototype thin GaAs solar cell
design is shown in Fig. 2.
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Fig. 2. Ultra-thin GaAs solar cell with light trapping.

A key requirement for high performance uitra-thin GaAs solar cells is the incorporation of light
trapping into the devices. Light trapping was demonstrated by growing a thin (1.5 micron) GaAs base
layer on an AlGaAs passivating layer using liquid phase epitaxy. The sample was then bonded to glass
and the substrate was removed.
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Comparisons were made between samples with and without a metal reflector, and the
effectiveness of the reflector in projecting photons back toward a junction was determined. Silver was
used as the reflector in this case. Reflection + transmission (R + T) measurements were performed
before and after the substrate removal. The absorption can be obtained from the reflection and
transmission data(absorption = 1 - (R+T)). These results are shown in Fig. 3.
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Fig. 3. Absorption results for: 1.5 um GaAs LPE layer on a GaAs substrate; 1.5 um glass bonded GaAs
layer, and glass bonded 1.5 pm GaAs layer with a reflector.

As expected, the amount of light absorbed decreases as the GaAs structure is thinned,
particularly over the 550 nm to 850 nm range where there is a higher flux density and the photons are
more weakly absorbed. Application of a silver reflector resulted in increased absorption which closely
matched the measurements of the thin material on the GaAs substrate. As much as 70% of the light is
absorbed over the 550 nm to 850 nm range. By incorporating a silver reflector, we have been able to
successfully light trap a 1.5 micron thick structure of GaAs. This will enable high short circuit currents to
be obtained on a thin, ultra-lightweight GaAs solar cell.

Note that there is little absorption of sub-bandgap photons in the thinned material both with and
without a reflector. This is advantageous for space solar cells because sub-bandgap photons that are
absorbed generate heat in the device but do not contribute to the efficiency. As shown in Fig. 3, the
structure on a GaAs substrate absorbs as much as 70% of the photons at 900 nm while the thinned
structure with a reflector absorbs only 4% of the photons at 900 nm. Standard thick GaAs solar cells
absorb these lower energy photons in the substrate.

Device layers are grown by liquid phase epitaxy (LPE) [ref. 6]. The front and back surfaces are
passivated by an Al,Ga, As window layer in order to reduce the surface recombination. The GaAs base
layer is approximately 1 micron thick and the emitter layer is formed by diffusing the p-type dopant during
the growth of the front passivating (window) layer. The junction depth is easily controlled by adjusting the
window layer growth time.
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Fig. 4 shows the quantum efficiency of a free-standing 1.65 pm, 1-cm? device. The short circuit
current, as corrected for grid shading and reflection losses, was 29.13 mA/cm?.
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Fig. 4. Quantum efficiency results for free-standing device F12314B.

The results of the current-voltage measurement (F12314B) is shown in Fig. 5. This thin solar cell
demonstrated an efficiency of 14.4%, as measured. From the quantum efficiency curves, it can be seen
that the antireflection coating is not properly optimized and results in a lower than optimal current
generation from 350 to 600 nm. When corrected for reflection losses, the potential of this material would
yield a 17.3% efficiency at AMO.
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Fig 8. Current-voltage measurement results for free-standing device F123148
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The best parameters obtained from conventional GaAs devices fabricated at AstroPower were an
open circuit voltage of 1.020 V, a short circuit current of 35.6 mAJ/cm?, and a fill factor of 82.7%. This
demonstrates the potential for a solar cell efficiency of 22.2%. As can be seen, the measured open-circuit
voltages and fill factors are close to the best devices fabricated on GaAs substrates. Optimization of the
thickness, doping, and antireflection coatings will yield an increase in the performance of the thin GaAs
solar cell

The improved device design which utilizes electrostatic bonding and an all back contact
technology is shown in Fig. 6. The p-type region is diffused form the back of the device to the emitter
after thinning. The temperature required for this diffusion step necessitates a high temperature survivable
electrostatic bond. This superior solar cell design solves many fabrication problems and enhances the
manufacturability of the high performance GaAs solar cell. Development of this design is currently in
progress.
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Fig. 6. Electrostatically bonded, all back contact, ultra-thin GaAs solar cell.

CONCLUSION

The results of this program have demonstrated the feasibility of the ultra-lightweight, high
performance, thin, light trapping GaAs solar cell. This is a high payoff program and the resulting
applications can have a dramatic positive effect on space solar power generation. Development of the
thin light trapped GaAs solar cell will result in a new class of GaAs solar cell designs that can replace
conventional GaAs solar cells because of their high specific power, radiation resistance, and durability.
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ADVANCES IN POLYCRYSTALLINE THIN-FILM PHOTOVOLTAICS

FOR SPACE APPLICATIONS

Bruce R. Lanning, Joseph H. Armstrong, and Mohan S. Misra
Martin Marietta Corporation
Denver, Colorado

INTRODUCTION

Polycrystalline, thin-film photovoltaics represent one of the few (if not the only) renewable power sources
which has the potential to satisfy the demanding technical requirements for future space applications.
The demand in space is for deployable, flexible arrays with high power-to-weight ratios and long-term
stability (15-20 years). In addition, there is also the demand that these arrays be produced by scalable,
low-cost, high yield, processes. An approach to significantly reduce costs and increase reliability is to
interconnect individual cells series via monolithic integration.

Both CIS and CdTe semiconductor films are optimum absorber materials for thin-film n-p heterojunction
solar cells, having band gaps between 0.9-1.5 ev and demonstrated small area efficiencies, with cadmi-
um sulfide window layers, above 16.5% (Ref. 1,2,3). Both CIS and CdTe polycrystalline thin-film cells
have been produced on a laboratory scale by a variety of physical and chemical deposition methods,
including evaporation, sputtering, and electrodeposition. Translating laboratory processes which yield
these high efficiency, small area cells into the design of a manufacturing process capable of producing 1-
f#t2 modules however, requires a quantitative understanding of each individual step in the process and its
(each step) effect on overall module performance. With a proper quantification and understanding of
material transport and reactivity for each individual step, a manufacturing process can be designed that is
not "reactor-specific" and can be controlled intelligently with the design parameters of the process.

Development of a thin-film, manufacturing process depends not only on the scalability of the process but
on the overall fixed and operating costs, the environmental compatibility (i.e., material utilization/waste
minimization with minimal health and safety risks), and the reproducibility/stability of the process. For this
reason, the selection of deposition processes at MMC was influenced by: 1) cost; 2) environmental com-
patibility; and 3) reproducibility/stability of the process. In the development of CdTe and CIS devices at
MMC therefore, CdTe films are being deposited by electrodeposition and CIS films are being deposited
by DC, cylindrical magnetron sputtering. Both of these processes are scalable, low-cost processes with
relatively minimal environmental impact and a discussion of the development of these processes is pre-
sented in this paper.

The objective of this paper is to present an overview of the current efforts at MMC to develop large-scale
manufacturing processes for both CIS and CdTe thin-fiim polycrystaliine modules. CIS cells/modules are
fabricated in a "substrate configuration” by physical vapor deposition techniques and CdTe cells/modules
are fabricated in a "superstrate configuration” by wet chemical methods. Both laser and mechanical
scribing operations are used to monolithically integrate (series interconnect) the individual cells into mod-
ules. Results will be presented at the cell and module development levels with a brief description of the
test methods used to qualify these devices for space applications. The approach and development
efforts are directed towards large-scale manufacturability of established thin-film, polycrystalline process-
ing methods for large area modules with less emphasis on maximizing small area efficiencies.

1 This work is supported by Martin Maristta Independent Research and Development (IR&D) Project D-17R,
“Photovoltaic Technologies”
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CELL DEVELOPMENT

A part of the development of a commercial scale process for thin-film polycrystalline modules is an under-
standing of each of the individual processing steps and its correlation to device performance and reliability.
In this section, a summary is presented of each of the processing steps for both CIS and CdTe devices.

Copper Indium Diselenide

CIS heterojunction cells are deposited onto flexrble or rigid glass substrates in the "substrate configura-
tion"; substrate, mo!ybdenum back contact, CIS absorber, CdS window layer, ZnO transparent conduc-
tive oxide, with a metallized top grid contact. Conventronal CIS devices have been optlmrzed on molybde-
num-coated glass substrates and little has been reponed on the performance of CIS films on flexible sub-
strates. The issue of flexible substrate requirements is discussed along with the current approaches and
results for producing thin-film CIS

Substrate - For the rigid cells, borosilicate glass is an inexpensive substrate which matches well with the
thermal characteristics of the semiconducting layers and is therefore the substrate of choice for a rigid
module. Molybdenum can be uniformly sputtered onto glass substrates over 1 ft2 areas and depending
on the characteristics of the sputtering chamber (i.e., planar or cylindrical cathodes, oxygen level, etc.),
the molybdenum will have a surface roughness similar to the glass substrate with a well-defined texture.
Surface profile and texture have been observed to have an effect on overall device performance and the
selection of the substrate can have an effect on the roughness and texture of molybdenum back contact.

Although flexible substrates offer inherent processing advantages in the development of a commercial
scale process as well as meeting technical goals for space applications which are not obtainable with
rigid substrates, substrate flexibility adds complexity to the fabrication process. Typical requirements for

a flexible substrate in a CIS module would include such things as: 1) surface finish/profile; 2) high tem- -

perature stability (up to 550" C); 3) thermal compatibility (CTE); 4) insulating (dielectric breakdown volt-
age); 5) chemicalivacuum stability; 6) cost and availability; and 7) flexibility versus strength Each class
of materials, whether it be metal, ceramic, or plastic, has certain drawbacks as a flexible substrate
although the leading candidates for flexible substrates are polyimide-type plastics, "metal organic-based"
flexible glasses, coated metallic foils, and mica sheets.

Results from thermal gravimetric analysis have shown that nearly all the 'hlgh-temperature plastics test-
ed out-gas to some degree above 400°C {this does not include evaporation of water above 100°C). This
not only alters the properties of the material but can effect the adherence of the semiconductor films dur-
ing deposition. CIS devices have been fabricated on polyimide films although efficiencies were not signif-
icant to report.

Because of their mechanical toughness, high temperature stability, cost, and availability, coated and
uncoated metallic foils have been used i in the development of flexible CIS devices. Unlike the smooth
glass substrates which have been used to produce the highest efficiency cells reported by others, metal-
lic foil substrates have a rougher surface profile which can effect device performance.

The differences between molybdenum coatings on the flexible foils and glass substrates were subtle.
Peak to valley variations in the surface profile of the metallic foil were on the order of 200 nm whereas
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the variation across a typical glass substrate is on the order of 10 nm. The molybdenum back contact
films on metallic foils were highly textured with predominantly a (110) peak in the glancing incidence dif-
fraction specira. In comparison to single crystal molybdenum, the (110) peak of the sputtered molybde-
num film on metallic foil broadened and shifted to higher d-spacings (i.e., residual tensile stresses after
the molybdenum deposition and selonization processes). Molybdenum films on the glass substrate were
also highly oriented although the (211) was the strongest peak and there was not any detectible broaden-
ing or shifting of the primary peaks.

Surface texture of the substrate is certainly a factor in the deposition, nucleation, and growth behavior of
semiconducting films. This as well as other subtle factors, such as the surface emissivity/absorptivity of
the substrate during thermal processing, can effect the photoresponse of a polycrystalline CIS device.

- Depending on the substrate, a 200-1,000 nm thick coating of molybdenum
is sputtered onto the surface. Substrate temperature, sputter rate and pressure are used to control the
adhesion and stress state of the film; oxygen partial pressure is also used as a parameter to control the
properties of the molybdenum film. To improve adhesion of the CIS absorber layer, a graded molybde-
num structure can be deposited with copper to produce a pure molybdenum layer at the substrate/con-
tact interface and a pure copper layer at the ClS/contact interface (as reported in the literature (Ref. 4),
copper at the back surface of CIS would produce a "p*" structure in the CIS absorber layer and improve
the ohmic contact).

CIS Absorber Layer - Reproducibility and uniformity of the CIS absorber layer is one of the most impor-
tant factors in the performance and manufacturability of large-area modules. Since copper, indium, and
selenium are three elements with considerably different properties (i.e., melting points, vapor pressures,
oxygen solubility, conductivity, etc.), the formation of a single copper indium diselenide phase over large
areas, both kinetically and thermodynamically, will depend on the processing order or deposition
sequence and the uniformity of the film deposit(s) over large areas. Lateral compositional and thermal
gradients across a large area can result in the formation and microsegregation of secondary phases and
since these gradients/heterogeneties are not significant in the "through-thickness dominated" growth
behavior of a small area, the processing steps to produce high efficiency small area devices may there-
fore be limited over larger areas.

The approach in the development of a large scale process has been to select processing sequences for
CIS which minimize the number of reaction pathways and secondary phase formation while at the same
time, select deposition processes for each sequence which are reproducible and scalable. Two of these
approaches are: 1) Cu/In Bilayer approach where copper and indium are successively deposited on a
molybdenum back contact and then reacted with either elemental selenium or hydrogen selenide vapor,
and 2) Selenized Bilayer approach where first, indium and selenium are deposited/reacted to form indium
selenide, followed by copper and selenium deposition to form copper selenide, and finally, the two sel-
enized bilayers are reacted to completion in a selenium atmosphere. The Cu/ln bilayer is a low tempera-
ture (~400°C) approach with a small number of easily controllable, processing steps, demonstrated large-
area scalability, and excellent substrate adhesion. Since a number of reaction pathways are possible
with this type of approach, stable binary phases (as well as other types of microsegregation) can form
along with the copper indium diselenide phase and degrade the performance of a large-area module.

The selenized bilayer approach on the other hand, reduces the total number of possible reaction path-
ways by the formation of essentially two stable intermediate binary phases which, when reacted to com-
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pletion, can only form a single CIS phase (refer to a Cu(2_x)Se/ln28e3 binary phase diagram). Although
this type of approach minimizes formation of impurities by limiting the number of reaction pathways, the
number of processing steps and substrate temperature are increased in comparison to the Cw/ln bilayer
approach. In addition, reported efficiencies for this type of approach have only been demonstrated on a
small scale.

To evaluate emerging CIS technology, Martin Marietta (MMC), in cooperation with the National
Renewable Energy Laboratory, designed and fabricated a CIS flight experiment with cells based on
NREL's selenized bilayer process which has demonstrated 16.4% efficiency in AM1.5 insolation this
year. In this case, gallium was added to the CIS to improve the bandgap as well as efficiency. The
experimental array fabricated for the SAMMES flight experiment is scheduled for launch later this year.
Active area efficiency for these devices calculated at 13.5% in AMO as measured by a pulsed solar simu-
lator at Spectrolab during final assembly. It is anticipated that there will be at least one year of data in
orbit from this experiment.

CdS Window Layer - A thin, 40-60 nm - thick, CdS film is deposited onto the CIS absorber layer by the
chemical bath deposition process. Cadmium to sulfur ratios in solution have been varied between 10 and
50 to optimize both film properties (i.e., adherence and uniformity) and yield from this batch process.
Actual deposition occurs at 85°C in a buffered solution between 9.0 and 10.0 pH and processing time is
less than 4 minutes. Reproducibility and uniformity of the thin CdS layer have been demonstrated over 1
ft2 areas.

ZnQ Top Contact - Since the approach for the molybdenum back contact and CIS absorber layers has
been to utilize the potential scalability of a cylindrical, DC-magnetron sputtering process, a similar devel-
opment strategy was used in the case of the ZnO top contact (ZnO can also be deposited by RF sputter-
ing although the results presented in this paper are with a DC power source). ZnO films were sputtered
from an 8" diameter, hot pressed target containing 98 w/o ZnO and 2 w/o Al,O3 and the transmittance
response for a 902.5 nm-thick film is presented in Figure 1(a). The transmittance response for an
uncoated substrate is included for reference.

With DC magnetron sputtering of ZnO, film properties are strongly dependent upon both the processing
parameters and the target/substrate geometry. To determine the effect of substrate location with respect
to the target source, glass witness coupons were positioned at increasing distances from the target
source (normal to the target) and at positions away from the center of the target (parallel to the target sur-
face). Results from this series of tests is shown in Figure 1(b) in which the film resistivity is plotted as a
function of location relative to the target center. Within the region defined by the "racetrack” of the target
(i.e., ~10 cm), the ZnO film resistivities are less than 1 x 103 ohm-cm for all but the 10 cm, target-to-sub-
strate distance. In the fabrication of 10 cm x 10 cm CIS device therefore, processing parameters can be
varied to first deposit a thin, high resistivity ZnO film on top of the CdS, followed by the low resistance film

referred to above.

The "roll-off" in film resistivity for this 8" target occurs at around 15 cm relative to target center and there
is a distinct increase in resistivity across the racetrack region. Degradation of film properties in the
vicinity of the target racetrack is well documented in the literature and poor resistivities are said to result
from bombardment by energetic neutral and negatively charged oxygen atoms. Such bombardment is
believed to cause lower carrier mobilities and concentrations through a decrease in grain size, a mixed
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crystalline orientation, and a higher defect density. An additional cause for the variations in resistivity
may be due to the variations in the aluminum doping density. A plot of atomic ratio of AVZn as a function
of the location relative to the target center is presented in Figure 2. Based on these results, the increase
in resistivity across the racetrack zone correlates with the drop in AVZn ratio. By incorporating existing
techniques to control neutral and negatively charged oxygen atoms and minimize racetrack effects, ZnO
will then be uniformly deposited over a 30 cm diameter by DC magnetron sputtering.
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Cadmium Telluride

Unlike CIS thin-film devices, CdTe devices are fabricated in the superstrate configuration with entirely
wet chemical deposition methods and no vacuum; device structure consists of glass superstrate, trans-
parent conductive oxide, CdS window layer, CdTe absorber, and metal back contact. Using entirely wet
chemical processes, thin-film CdTe cells have been fabricated with 6-7% (0.08 cm? active area) efficien-
cies on SnO,-coated glass. In this section, a brief overview is presented of the potential scale-up issues
related to the CdS solution-growth and CdTe electrodeposition processes.

CdS Window Layer - The CdS deposition process for CdTe thin-film cells is similar to the process for CIS
cells in that CdS films are heterogeneously nucleated onto activated surfaces from an aqueous solution
containing cadmium salts and thiourea with ammonium as a complexing agent (reaction throttle). For CdTe
however, the CdS films are grown on TCO-coated glass substrates with an average thickness between 250
- 320 nm and at a deposition rate of ~180 nmhour. With a proper selection of the cadmium-to-sulfur ratio
and ammonium, which acts as a buffer and a complexing agent for cadmium, film properties can be opti-
mized. CdS quality, in terms of surface adhesion, structure, and yield from a batch process, is directly relat-
ed to the solubility/precipitation of Cd(OH), and the concentration of unassociated [Cd2+] cations.

CdS films are reproducibly and uniformly deposited onto 1 ft2 substrates from a batch, solution-growth
process with a >90% process yield; i.e., minimal waste. For optimum n-type carrier density, proper con-
trol of the oxygen/sulfur ratio, and surface activation for the subsequent CdTe electrodeposition step,
CdS films are used in the as-deposited condition and are not post heat treated. A typical transmission
spectra for CdS on an SnO,-coated soda-lime glass is shown in Figure 3. Although there is a shift in the
heat treated CdS films to higher wavelengths, the absorption edge for these films is around 520 nm.
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Figure 3 Percent Transmission of Heat Treated and As-Depoisted, Solution Grown CdS

CdTe Absorber Layer - Optimally-doped CdTe films are produced by electrodepositing a 1.5 -2.0 pm-
thick CdTe layer from an acid bath containing cadmium salts and then heat treating these films at high

temperature (400°C) in the presence of CdCl,. Although the electrodeposition process was selected
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because of its low-cost and potential scalability to larger areas, a number of processing factors, such as
cadmium to tellurium ratio in the electrolvte, transport/delivery of cadmium and tellurium to the electrode
surface, electrolyte contamination, competing cathodic and anodic reactions, and film resistance of the
as-deposited film, can all have a subitle effect on the final electrical quality of the CdTe films (not to men-
tion what effect these factors will have on formation of the n-p junction). In contrast to CdTe films which
are deposited by a vacuum, physical vapor deposition process, electrodeposited CdTe films are electri-
cally coupled to the junction partner (i.e., CdS, which is also electrically coupled to a conductive oxide) as
electrons are transported through the device during the deposition process. This inherent feature of elec-
trodeposition provides an insitu monitor of CdTe film and device quality and can be used as active feed-
back control in a commercial scale process.

Through proper control of bath chemistry (pH, cadmium/tellurium ratio, temperature, deposition potential,
etc.), CdTe films can be reproducibly deposited over small areas and all of these factors should translate
to larger areas, however; as the deposition area increases, film resistivity becomes more critical. Film
resistance has a direct effect on the deposition potential which in turn, effects the cadmium to tellurium
ratio in the film. With increasing film resistance, the equilibrium potential becomes more noble (positive)
and more tellurium is deposited with respect to cadmium. Through-thickness resistivity in the CdS, i.e.,
from the conductive oxide through the CdS to the CdTe film, is negligible compared to the drop in lateral
resistivity which can occur in the TCO over large areas. For example, the voltage drop across a typical
20 ohms/square tin oxide was determined to be ~25 mv/cm. Over a 10 cm area then, the shift in deposi-
tion potential would be ~250 mv. A 250 mv shift would correspond to a change in the Cd/Te ratio from
1.0 to a ratio less than 0.8. Without reducing the resistivity of the TCO below 20 ohms/square, uniform
films were deposited across 5 cm x 5 cm areas. Although a switch to more conductive TCO films can be
made (at the expense of transmittance), lateral film resistivity will still be a significant factor as CdTe
devices are fabricated over larger areas.

MODULE DEVELOPMENT

Other than the scaling issues presented above for the cell processing, the remaining issues limiting mod-
ule and large area array development are the scribing operations which eliminate the hand touch labor of
conventional series interconnects and the fabrication of reliable interconnects between modules. Results
from the CIS scribing development efforts are presented in this section. A reliable method for bonding
interconnects to a molybdenum film has been developed at MMC.

Scribing of the various coating layers of the photovoltaic cells is crucial in the fabrication of monoalithically-
integrated minimodules. Flow of current occurs from the overlayer transparent conductive oxide (TCO) to
the Mo back contact. To enable this current flow in an isolated manner requires the fabrication of scribes
in the Mo back contact layer, in the CdS/CIS multilayers to the Mo back contact, and in the
ZnO:AVCdS/CIS multilayers to the Mo back contact. Each of these materials exhibit different thermo-
physical properties (absorptance = f (wavelength (1)) and mechanical properties, which affects their
removal by scribing processes.

Candidate scribing processes that are being investigated at Martin Marietta include: 1) laser; 2)
mechanical; and 3) chemical etching between photolithographically-deposited masks.
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For removal of material by laser incidence, critical material properties include absorptance and emittance
as a function of wavelength, and melting temperature. For the coatings Mo and CdS/CIS, absorptance
generally increases as the incident wavelength is reduced. This suggests the use of lower wavelength
lasers, such as a frequency-doubled (or quadrupled) YAG (A=0.54 pum for frequency-doubled) or excimer
lasers will more effectively couple with these coatings, resulting in more efficient coating removal. Care
must be exercised, however, not to couple with the underlying substrate material, which may result in
substrate damage.

An example of a scribe in a 1 um Mo coating on glass produced by a Q-switched YAG laser (A = 1.06
um) is shown in Figure 4(a). In general, the scribe edges appear clean and straight with a small amount
of Mo cracking or delamination adjacent to the scribe. Excimer processing also resulted in clean scribe
edges, although more cracking and flaking of the Mo was observed. Scribes produced by a pulsed Nd-
YAG exhibited some glass substrate cracking and larger berms of material adjacent to the scribe than for
the other laser methods.

Laser scribing of the combined CdS/CIS multilayers is more difficult, since the desire is to remove the
CdS/CIS layers without damaging the Mo back contact. Of all the laser scribing methods, Excimer laser
scribing shows the most promise for selective coating removal. Simple mechanical scribing using a syn-
thetic diamond tool or a stainless steel blade has been found to be more effective for selective removal of
CdS/CIS from the Mo back contact. Figure 4b shows an example of a scribe in CdS/CIS which shows
removal of the multilayers, without extensive damage to the Mo back contact.

Figure 4 a)SEM Micrograph of S ribe in Mo Coating on Glass Produced by Q-Switched YAG Laser
Showing Relatively Clean Scribe Edges and Minor Cracking of Adjacent Mo; b) SEM
Micrograph of Scribe in CdS/CIS Coating on Mo-Coated Glass Produced by Mechanical
Diamond Scribe Showing Selective Removal of CdS/CIS
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QUALIFICATION TESTING

in order to survive the demanding 15-20 year lifetimes in space, thin-film cells and modules need to be
first tested in thermal/vacuum and simulated radiation tolerance tests (i.e., solar, electron, proton, efc.).
One distinct advantage of CdTe and CIS thin-film polycrystalline devices over silicon and gallium
arsenide is the inherent radiation tolerance of the CdTe and CIS semiconducting layers. Long term radi-
ation testing as well as thermal/vacuum cycling of CdTe and CIS cells is in progress. '

Just as important as the environmental stability of these devices, however, is the mechanical stability of
CdTe and CIS devices and particular, the effect of mechanical forces on the photoresponse of a flexible
CIS module. Although preliminary data is available in the literature on the testing of rigid CdTe and CIS
thin-film polycrystalline cells in simulated space environments and actual flight experiments, little is
known of the effects of mechanical stresses and strains on the electrical behavior of a polycrystaliine
device. An effort is in progress to test the I-V and spectral response of flexible CIS cells before, during,
and after the application of a cyclic bending force.

SUMMARY

An overview of the current efforts at MMC to develop large-scale manufacturing processes for both CIS
and CdTe thin-film polycrystalline cells and modules is presented with an emphasis on those issues in
each process that are critical to scalability/manufacturability. Except for the CdS window layer, all films in
the CIS devices are being deposited by a DC magnetron sputtering system;, large-area uniformity was
also demonstrated for all the processing steps with the cylindrical magnetron sputtering system. CdTe
cells were fabricated entirely by low-cost, wet chemical methods and small area efficiencies on SnOop-
coated soda-lime glass were on the order of 7%. Scalability issues were identified for the CdTe elec-
trodeposition process.

Since a major concern in the fabrication of monolithically integrated modules is the scribing operation,
results from laser scribing the CIS back contact and mechanically scribing the CIS/CdS layers are pre-
sented. To evaluate emerging CIS technology, Martin Marietta, in cooperation with the National
Renewable Energy Laboratory, designed and fabricated a CIS flight experiment with cells based on
NREL's selenized bilayer process which has demonstrated 16.4% efficiency in AM1.5 insolation this
year.
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AMORPHOUS SILICON THIN FILMS: THE ULTIMATE LIGHTWEIGHT SPACE SOLAR CELL

G.J. Vendura, Jr., M.A. Kruer, H.H. Schurig, M.A. Bianchi, and J.A. Roth
TRW Space and Technology
Redondo Beach, California

ABSTRACT

Progress is reported with respect to the development of thin film amorphous (a-Si) terrestrial solar
cells for space applications. Such devices promise to result in very lightweight, low cost, flexible arrays
with superior end of life (EOL) performance. Each «-Si cell consists of a tandem arrangement of three very
thin p-i-n junctions vapor deposited between film electrodes. The thickness of this entire stack is
approximately 2.0um, resulting in a device of negligible weight, but one that must be mechanically
supported for handling and fabrication into arrays. The stack is therefore presently deposited onto a large
area (12 by 13 in.), rigid, glass superstrate, 40 mil thick, and preliminary space qualification testing of
modules so configured is underway. At the same time, a more advanced version is under development in
which the thin film stack is transferred from the glass onto a thin (2.0 mil) polymer substrate to create large
arrays that are truly flexible and significantly lighter than either the glassed a-Si version or present
conventional crystalline technologies. In this paper the key processes for such effective transfer are
described. In addition, both glassed (rigid) and unglassed (flexible) a-Si cells are studied when integrated
with various advanced structures to form lightweight systems. EOL predictions are generated for the case
of a 1000 W array in a standard, 10 year geosynchronous (GEO) orbit. Specific powers (W/kg), power
densities (W/m?) and total array costs ($/ft2) are compared.

INTRODUCTION

During the next ten years, spacecraft power requirements will grow significantly over the presently
typical 1 to 4 kW EOL systems. Also, more interest will be focused upon smaller and lighter systems in the
0.1 to 1.5 kW range. Finally, the proliferation of small, less expensive launch vehicles will require low-
mass, low cost, power sources. Current crystalline silicon technology using 8 mil thick devices is too
heavy, costly and large to support higher power levels on satellites thrust into space by existing and
planned vehicles. Thin, 13.5% efficient, silicon cells and even higher efficiency gallium arsenide and
indium phosphide cells reduce weight and area but increase cost. New generation lightweight
photovoltaic devices are required to meet this challenge (ref. 1). These new devices, by nature, are
expected to be both enhancing and enabling: enhancing by offering advantages in power, weight and
cost compared to traditional crystalline solar cells in existing satellite designs for conventional orbits;
enabling by extending array and mission capability beyond the present limitations of such space systems.

For this reason, thin film solar cells are presently generating intense interest within the space
community. Those technologies that have aiready enjoyed significant development for terrestrial
applications are especially attractive. Both a-Si and copper indium diselenide (CIS) fall into this category,
but of the two, a-Si is by far the more advanced (ref. 2-3). Very large area a-Si cells and integrated
modules are already routinely manufactured for terrestrial applications with AMO efficiencies of 8 to 10%.
Although this is considerably less than standard 13.5 and 18.5% Si and GaAs/Ge figures, the material's
greater radiation resistance, ultra light weight, low cost, flexibility and the ability to be incorporated into
existing, well-developed, lightweight, satellite array structures makes «-Si not only a viable but also a
potentially superior alternative. Significantly, the cells can be interconnected in various series and paraliel
configurations by means of standard semiconductor monolithic integration techniques resulting in
superior packing densities and the reduction in the yield and cost disadvantages associated with
numerous discrete parts and corresponding handling operations.
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0.-Si SPACE SOLAR CELL APPROACH

The a-Si solar cell chosen for such space development, shown in Figure 1, is routinely fabricated
by Solarex Thin Films and allows the maximum leverage of existing terrestrial technology (ref. 4). The
active material consists of a stack of three individual a-Si p-i-n cells sandwiched between thin electrodes.
The upper electrode of SnOs is transparent to incident light, while the back electrode of silver is opaque.
The three a-Si cells are not compositionally identical. Instead, uppermost and lowermost devices are
carbon and germanium alloys respectively to allow for increased collection efficiency by utilizing a broader
segment of the solar spectrum. The entire stack has a total cross section of only 2.0pm. However, the
commercial product is deposited upon a 40 mil superstrate of either soda lime or borosilicate glass as a
means of mechanical support during fabrication and handling. Although both single junction and double
junction variations of this device are manufactured on superstrates as large as 4 square feet, the baseline
space product considered in this study is limited to 12 by 13 in.

The effort to develop this terrestrial commercial product into a device suitable for space can be
divided into two major phases:

I Development and qualification testing of these glassed 12 by 13 in. terrestrial cells to
create a usable, rigid space product. Although the superstrate contributes significantly to overall weight,
results of early cost and power trades indicate advantages for certain missions.

Il Development of materials and additional processes for transferring 3 by 3 in. areas from
the glass superstrate onto a thin, polymer substrate to demonstrate a flexible space product. Earlier
stages will focus primarily on mechanical issues, while later stages will address both mechanical and
electrical stability. A later phase will concentrate on the scaling up of these processes to transfer
12 by 13 in. and larger areas.

The most important aspects of the Phase I effort center on radiation and temperature effects and
long term stability. Studies by Woodyard and co-workers indicate that radiation damage, in large part, may
be reversed by annealing (ref. 5). Also, attention must be focused on the degradation of a-Si output due
to photons (the Staebler Wronski effect) and its reduction (ref. 6-7). Significant adjustments in the
manufacturing sequence have already been made by Solarex and will continue to be considered to
minimize this effect.

ADVANCED PROCESSES

Phase Il, addressed simultaneously with Phase I to save time, focuses on the materials and
process development of two key additional processes required for transfer: release and liftoff. These
processes are illustrated in Figure 2 on the right, while the standard commercial sequence is shown on the
left. The release process consists of sputter deposition of carefully controlled thin film layers directly onto
the glass superstrate to partially isolate it mechanically and chemically from the commercial device that is
deposited subsequently. This limits the adhesive strength which, in turn, facilitates eventual separation.
The liftoff process, on the other hand, involves the attachment of polymer and other films to the back
surface of the commercial stack by means of a thermo-compression technique. The number and
orientation of these backing layers are carefully balanced to create the right relative mismatch in the
various coefficients of thermal expansion. As a result of differential contraction upon cooling, separation
at the release interface is accomplished and the solar cell is thereby transferred from the rigid, glass
superstrate onto the flexible, laminated substrate.

The release process is dependent upon very specialized, large-scale sputtering equipment.
Either of two custom built sputtering machines can be used, depending upon solar cell size and quantity.
Although celis of 12 by 13 in. are presently earmarked for the baseline process, individual device areas are
expected to eventually increase to 4 and 8 ft2. It is advantageous to load large batches of such celis into a
single machine for economy.

126



The chamber of the first unit is 6.0 by 6.0 by 6.0 ft. and can be evacuated to the low 1077 torr
range by a 16 in. cryopump. The machine can operate in RF or DC modes and is equipped with three 5.0
by 20.0 in. targets, capable of co-deposition onto three 20.0 by 20.0 in. substrates rotating via a planetary.
Operation is computer driven and monitored to permit unattended deposition of multiple layers. Control
devices include an in situ particle counter, a quartz crystal thickness monitor, a residual gas analyzer and
an optical monitor to track reflective interference to a quarter of a wavelength.

The second sputtering machine consists of a chamber with a floor area 20 by 12 ft. and a ceiling
15 ft. high. Overnight evacuation to the low 1077 torr is achieved by three 16 in. and one 48 in. Cryopumps
coupled to a Woods Root blower. The machine is fitted with three 5 by 40 in. planar cathodes that move in
a raster pattern from 0.5 to 36 in. away from a substrate as large as 18 ft. long and 12 ft. high.
Co-deposition is possible via two of the three targets. By means of another cathode assembly, 10 in.
round, non-planar shapes can be coated. This machine can also operate in either RF or DC modes, is
similarly computer controlied and monitored, and is fitted with a residual gas analyzer, a quartz crystal
monitor and a particle counter.

An earlier version of the overall release process involved the deposition in the smaller machine of
three separate layers, shown in Figure 3a. After cleaning, the glass superstrate was loaded into the
chamber which was then evacuated to 108 torr. A 400A layer of binder material was deposited. The
purpose of this film was to promote adhesion between the glass surface and subsequent materials: a
release layer of approximately 800A followed by a 1.5 um cap of SiO2. The purpose of the reiease layer is
to provide a release interface (R.l.) - a plane of significantly weaker chemical and mechanical adhesion
compared to all other interfaces - so that separation can eventually be achieved at this surface.

After deposition of these three layers, the treated glass was shipped to Solarex, where the a-Si
solar cell components (Figure 1) were added. The device was then returned. Initial liftoff experiments,
intended to separate the cell at the R.I., produced mixed results. In some cases the solar cell did not
release at all; in others, release was uneven. EDAX and SEM investigations of suspect areas of the
surface seemed to indicate atomic diffusion of the superstrate across the release layer resulting in
pinning - localized areas of high adhesion - at the R.1. Since the commercial fabrication sequence involves
SnO, and contact annealing processes that approach the softening point of glass, a high temperature

mechanism was suspected.

To eliminate this pinning without affecting the solar cell manufacturing sequence, the release
process was modified to include a 400A diffusion barrier as shown in Figure 3b. An additional 800A layer
varying in composition from barrier to release layer materials was also necessary to ensure the R.I.
remained the weakest link in the chain of interfaces in order to prevent separation at the barrier-release
layer surface instead.

Again the treated glass was shipped to Solarex and returned with solar cells attached.
Experiments demonstrated significantly improved results, although the process continues to be
developed further.

The liftoff process involves the attachment of five plies of fiexible material to the back surface of
the cell in three stages. As shown in Figure 4, three layers of 1.0 mil polymer are interspersed with two
1.0 mil layers of fiberglass cloth. In the first stage, all but one polymer layer are aligned, placed in vacuum,
degassed and subjected to a two step cure process. The second stage consists of surface preparation of
the Ag contact on the back of the solar cell, followed by mechanical placement of the remaining polymer
film. In the third stage, all parts are joined into a single unit by an additional vacuum, degas, and cure
sequence. Under ideal conditions, upon cooling, the solar cell releases spontaneously and cleanly at the
R.l. due to a differential in the coefficients of thermal expansion (CTE).

The CTEs are balanced by careful selection of layer composition, thicknesses and orientations.
For example, the two fiberglass cloth plies are aligned in different directions, one at 0,90 degrees and the
other at +45 degrees, as implied by the dissimilar slash patterns in Figure 4. Another key concern is the
complete elimination of air bubbles during processing. Air bubbles result in voids - points of no adhesion
between the flexible substrate and the solar cell. Thus, upon release of the bulk of the o-Si, areas under
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the voids can remain behind, creating pinholes in the surface of the cell which in turn may result in shorting
and power degradation.

Figure 4 is representative of one of several variations of the liftoff process still under
development. Other variations use different quantities of layers or plies of different thickness. The
objective, however, is to eliminate layers or to use thinner plies so that the total flexible substrate is
approximately 2.0 mil. _

LIGHTWEIGHT STRUCTURES

a-Si cells, both glassed (Phase 1) and flexible (Phase I1), are suitable for incorporation into

conventional and low mass arrays. For the purposes of comparison, a 1000 W array was considered. In
the first case a state-of-the-art 0.5 in. thick Al honeycomb with 5.0 mil graphite face sheets and a single
layer of 2.0 mil Kapton to insulate the solar cells is assumed. In addition, two existing, well-developed
lightweight structures were studied. The first is an adaptation of the Advanced Photovoltaic Solar Array
(APSA) (ref. 8). The original APSA consisted of a 5.4 kW, 15.25 by 2.81 m, mast-deployed, 42 panel,
prototype wing as shown in Figure 5 (ref. 9). This unit was populated by 2.2 mil thick crystalline silicon
solar cells, 2.0 by 4.0 in. area, with 2.0 mil cover glasses. The efficiency of these cells was 13.5%. A key
lightweight feature is the employment of a 2.0 mil carbon loaded Kapton substrate, accordion folded for
stowage during launch. Despite this lightweight blanket, however, major contributions to mass resulted
from the deployment mast, the frame and the stowage container. Since this study concerns an array less
than 25% of the original APSA area, wherever possible, features such as this container size were scaled
down accordingly.

Another advanced lightweight structure involved using a TRW developed and tested framed
membrane technology. Main features of such a system, highlighted in Figure 6, include a rigid membrane
solar cell support consisting of a very thin laminate with a foam core and high modulus, graphite fiber
reinforced plastic (GFRP) face sheets. Kapton is used to insulate the solar cells from the membrane
surface. The frame tubes are transfer molded from a mixture of high modulus and high strength GFRP
materials. To create a panel structure subassembly, the various GFRP components are joined together
through a precision bonding process without the need for mechanical fasteners. Such a panel design is
adaptable for use with cells of various types, sizes and thicknesses and can be readily scaled up or down
as required. An advanced version of the system involves lighter frame and substrate elements. Indeed,
an adaptation of the system, using a different rigid laminate and no frame whatsoever, was incorporated in
the Earth Observing System (EOS) program.

The ultimate lightweight array, the Ultra Light Film Array (ULFA), is presently limited to satellites
<1000W. Itincludes a 2.0 mil flexible Kapton blanket, but not the relatively heavy components of either
the APSA or framed membrane designs. In this case, the blanket is deployed and supported by
lightweight strain energy hinges. Although development of such a structure is not as mature as APSA
and membrane technologies, it is nonetheless included in this study for comparison purposes.

RESULTS

Results are in the form of EOL performance predictions of satellite systems incorporating various
a-Si and conventional crystalline solar cells populating the four structures described. In all cases, a
standard, 10 year GEO mission is assumed for the nominal 1000 W array. Weight of stowage and
deployment hardware is included. In the case of a-Si arrays, cell interspacing was set at 120 mil, while for
crystalline devices it was 30 mils. Also, whenever possible, proven cell and system design factors were
used. For example, empirical loss factors were applied to account not only for temperature and radiation
degradation, but also for more obscure losses such as Staebler Wronski (SW), packing, wiring, installation,
cycling, cover glass darkening, etc. All comparisons are thus at a system level of performance as opposed
to often quoted device or cell level performance. It is noted, however, that all systems are not universally
applicable to all cells, and in certain specific cases some overdesign and underdesign is inevitable.
Therefore, the accuracy of results is estimated to be +10%.
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Data are summarized in Table 1 for 13 different systems. Rows 1 through 4 present data for
unannealed a-Si having 4 different cover glass thicknesses: 40 mils, 8 mils 2pm and 1 mil. Systems 5
through 7 outline crystalline Si, while 8 and 9 highlight crystalline GaAs/Ge. Rows 10 through 13 examine
the same a-Si systems as 1 through 4, but this time the systems are designed for self annealing, resulting
in considerable radiation and Staebler Wronski loss recovery. Details such as cell type, size, device and
cover thicknesses and BOL efficiency, n, are presented in the leftmost columns. For a-Si, BOL n was
assumed to be a conservative 10.0% at AMO and 28°C. Crystalline n, on the other hand, varied from 12.2
to 18.2% as tabulated. Staebler Wronski degradation.is assumed at 15% for unannealed «-Si and 5% for
the same cells when annealed. In the table, honeycomb, membrane, APSA and ULFA data then follow in
terms of three key parameters: specific power (W/kg), power density (W/m2) and areal density (bs/ft2).

In generating these data for the systems involving a-Si, radiation degradation behavior in
response to orbital environment was calculated from a model using the standard approach of equating
ionization and displacement damage with P/Po power reduction. This technique uses existing data for
P/Po from 1MeV proton fluences and extends it to other proton energies. P/Po is defined as a function of
1MeV protons similar to crystalline technology, using 1MeV electrons as the conversion parameter (ref.
10).

The a-Si comparison is presented graphically in Figure 7 in which the structural density (the sum
of the system's areal density and the weight of peripheral hardware -hinges, booms, deployment
hardware, etc.- spread over array area) is plotted as a function of specific power. As shown, even cells with
40 mil covers generate respectable powers when compared with the ~15 W/kg figure for a crystalline
silicon system (not shown) using less than the state-of-the art honeycomb presented in this study. As
expected, a-Si with 8 mil covers performs considerably better, especially in the case of APSA in which
best results are 77.7 and 83.2 W/kg for unannealed and annealed cells respectively. Note that because
of weight, only 2 pm and 1 mil a-Si cells are appropriate for application to the ULFA structure. Here, results
as high as 340.9 W/kg are indicated for the annealed 2 pm cover system. Of note is the fact that 1 mil of
cover glass and/or annealing makes a considerable difference over an unannealed 2 um o-Si array
incorporated in any structure in the GEO environment.

In Figure 8, less-than-optimal 8 mil covered a-Si is compared to the best of the crystalline Si and
crystalline GaAs/Ge systems. The crystalline Si cell used was 2 2.5 x 5.0 cm, 2.7 mil thick device with both
a back surface field and reflector (BSFR) and a 2.0 mil cover. The GaAs/Ge device was 4.0 x 4.4 cm,

5.5 mils thick, with a 3.0 mil cover. The curves demonstrate that both unannealed and annealed a-Si is
superior at structural densities approaching APSA. At higher structural densities, however, o-Si and
crystalline Si are comparabie, while GaAs/Ge is superior.

In Figure 9, the same crystalline systems are compared with those for the a-Si cell covered with
1 mil of glass. Here the ULFA structure is inappropriate for all but the o-Si case. Best results are 266.5 and
288.3 W/kg for unannealed and annealed devices respectively.

Specific power alone, of course, is not the only major point of comparison. Depending on mission
and program constraints, power density, and areal density can also be key considerations. Table 1 also
offers these data for the 13 systems under study.

Another essential factor is cost. System cost, typically in $/W, involves the sum of three separate
figures: cell materials, structural materials and recurring fabrication labor. Only the first of these is
presented in Table 1. The prices of the crystalline cells are well-established, while, admittedly, a-Si figures
are rough estimates based upon current commercial terrestrial production prices. Depending on cover
glass, these figures may be off by a factor as high as 5. Nevertheless, savings associated with a-Si
compared to crystalline systems, depending on choice, readily approach an order of magnitude.
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SUMMARY

An approach is described for developing very lightweight «-Si solar cells for space by leveraging
progress of terrestrial devices. Glass and flexible versions are being addressed simultaneously. Critical
release and liftoff processes for transferring such cells from a rigid 40 mil superstrate onto a flexible 2.0 mil
substrate are presented. EOL performance predictions are generated based upon a 10 year GEO
mission of a 1000W array incorporating different «-Si and crystalline cell configurations with four distinct
structures. Results demonstrate that specific powers of 266.5 and 288.3 W/kg are achieved when o-Si
cells with 1 mil covers, unannealed and annealed respectively, are combined with the ULFA structure.
The specific power increases further, to 340.9 W/kg for annealed devices with a 2 pm cover. These
figures are two to five times better than the performance of conventional crystalline solar cells in similar
systems for an identical mission.
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TABLE 1: PERFORMANCE COMPARISON:

CELLS, STRUCTURES & SYSTEMS
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MODELING OF HIGH EFFICIENCY SOLAR CELLS UNDER LASER PULSE FOR
POWER BEAMING APPLICATIONS

Raj K. Jain'
NASA Lewis Research Center
Cleveland, Ohio

and

Geoffrey A. Landis?
NYMA, Inc.
Brook Park, Ohio

SUMMARY

Solar cells may be used as receivers for laser power beaming. To understand the bfehavior
of solar cells when illuminated by a pulsed laser, the time response of gallium arsenide and
silicon solar cells to pulsed monochromatic input has been modeled using a finite element solar

cell model.

INTRODUCTION

Solar cells have been used to convert sunlight to electrical energy for many years and also
offer great potential for non-solar energy conversion applications. Their greatly improved
performance under monochromatic light compared to sunlight, makes them suitable as
photovoltaic (PV) receivers in laser power beaming applications. Laser beamed power to a PV
array receiver could provide power to satellites, an orbital transfer vehicle, or a lunar base
(ref. 1). Gallium arsenide (GaAs) and indium phosphide (InP) solar cells have calculated
efficiencies of more than 50% under continuous illumination at the optimum wavelength
(ref. 2). Currently high power free-electron lasers are being developed which operate in pulsed
conditions. Understanding cell behavior under a laser pulse is important in the selection of the
solar cell material and the laser.

An experiment by NASA Lewis and JPL at the AVLIS laser facility in Livermore, CA
presented experimental data on cell performance under pulsed laser illumination (refs. 3 and
4). Reference 5 contains an overview of technical issues concerning the use of solar cells
for laser power conversion, written before the experiments were performed. As the
experimental results showed, the actual effects of pulsed operation are more complicated.
Reference 6 discusses simulations of the output of GaAs concentrator solar cells under
pulsed laser illumination. The present paper continues this work, and compares the output
of Si and GaAs solar cells.

"Work funded by the National Research Council - NASA Research Associateship Programs
and a NASA Research Grant (NAG3-1466) at the University of Toledo.
2NYMA Inc. under a NASA Contract.
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CELL SIMULATION RESULTS

Figure 1 shows the cell designs and the laser pulse simulated. For simplicity, the laser
pulse was assumed to be square. Most of the results have been calculated for a peak
intensity of 50 W/cm?, which corresponds to nearly 1000 suns concentration. The PC-1D
computer code, a finite-element simulation of carrier transport in semiconductor devices
(ref. 7), was used to analyze the cell current during and after the pulse for various
conditions.

The GaAs solar cell simulated was a concentrator p'n cell with an efficiency of 27.5%
under AM1.5D, 1000 sun illumination. The current output was observed to be linear with
laser intensity from 500 mW/cm? to 500 W/cm?. Figure 2 shows the cell short circuit
current during and after the laser pulse, for a laser at three different wavelengths. The 511
nm wavelength corresponds to the available copper-vapor laser, 840 nm corresponds to the
optimum wavelength for GaAs and also proposed operating wavelength in NASA SELENE
project, and 870 nm is near the band edge of GaAs. The decay of the current can clearly
be seent to have two distinct components: an initial rapid decay immediately following the
laser pulse, followed by an exponential decay with much longer time constant. The amount
of initial decay is greatest for the light with the strongest (hence, shallowest) absorption,
511 nm, and is least for the weakly absorbed light at 870 nm. Figure 3 shows this initial
decay on a shorter time scale. Here the parameter varied is the operating voltage of the
cell. Further results of this simulation can be found in reference 5.

Compared to GaAs, silicon solar cells have much longer minority carrier lifetimes and
much weaker optical absorption, resulting in deeper absorption of the light and longer
characteristic time constants. A typical silicon solar cell was modeled, with a diffused (erfc
profile) n type junction. The efficiency is 17.2% under AMO (space) illumination, slightly
better than cells used in space today, but well below the best efficiencies observed in the
laboratory. Efficiency increases to 31.8% for monochromatic light at 900 nm at an
intensity of 50 W/cm?.

Figures 4 and 5 show the decay of short circuit current of the silicon cell compared
with that of the GaAs cell. As expected, the silicon cell shows considerably slower
response.

As in the GaAs cell, the decay has a rapid initial decay followed by a slower
exponential decay. Figure 6 shows the fit of an exponential to the portion of the decay
between 150 and 250 nS after the pulse. The characteristic time constant for this portion of
the decay is 360 nS, which is intermediate between the base lifetime of 20 uS and the
emitter surface lifetime of 11 nS.

Figure 7 shows the short circuit current at different wavelengths. Note that the currents
have been normalized; the absolute response is best at 900 nm (peak of 31 A). The
response at 1.06 u is poor (peak 3.6 A). As with the GaAs cells, the most weakly absorbed
light has the least rapid initial fall-off, and the most strongly absorbed light the most rapid
initial fall-off. The response drops by a factor of e over a time scale on the order of 25 nS.
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For such a cell, then, we can expect that the silicon cell will tend to integrate the pulsed
input into nearly CW output only if the time between pulses is short compared to 25 nS.

The capacitance of a Si cell at zero bias is typically about 100 nF. The series
resistance of this 1 cm? cell was taken to be 4 m€2. The RC time constant for the charge to
be removed from the cell under short circuit is thus expected to be about 0.4 nS. This is
much shorter than the time scale of the current decay. In actual operation, however, the
cell would be connected to an external circuit with associated resistance, inductance,
capacitance, and a battery-supplied bias voltage. This external circuit will considerably
complicate the output characteristic (refs. 3 and 4).
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Peak power =
P l“l 16 puSw| 3060 x average power
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Figure 1A Pulse format of copper-vapor laser (top) and pulse used in computer model (bottom)
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Figure 1B. GaAs solar cell model used for computer simulations.
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Figure 1C: Silicon solar cell model used for computer simulations.
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Figure 4: Comparison of Si and GaAs short-circuit current response to 25 nS pulse
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Figure 5: Comparison of Si and GaAs short-circuit current response to 25 nS pulse
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CALCULATION OF NEAR OPTIMUM DESIGN OF InP/Ing 53Gag 47As MONOLITHIC
TANDEM SOLAR CELLS

P. Renaud, M.F. Vilela, A. Freundlich,! N. Medelci, and A. Bensaoula
University of Houston
Houston, Texas

SUMMARY

An analysis of InP/InGaAs tandem solar cell structures has been undertaken to allow for
maximum AMO conversion efficiencies (space applications) while still taking into account both
the theoretical and technological limitations. The dependence of intrinsic and exirinsic
parameters such as diffusion lengths and generation-recombination (GR) lifetimes on N/P and
P/N devices performances are clearly demonstrated. We also, report for the first time the
improvement attainable through the use of a new pattemed tunnel junction as the inter cell
ohmic interconnect. Such a design minimizes the light absorption in the interconnect region and
leads tc a noticeable increase in the cell efficiency. Our computations predict 27% AMO
efficiency for N/P tandems with ideality factor y=2 (GR lifetimes = 1us), and 36% for y=1 (GR
lifetimes ~100ps). The method of optimization and the values of the physical and optical
parameters are discussed.

INTRODUCTION

The use of monolithic InP/IngsaGag 7As tandem solar cells for space applications is still at the
research stage. It has already been demonstrated that their band gap values are particularly
adapted for maximum AMO performance levels (ref. 1) in addition to their particularly high
resistance to radiation damage (ref. 2). Using chemical beam epitaxy (CBE) and new device
processing techniques, we have already shown in our laboratory that high quality materials and
devices can be obtained (ref. 3). Therefore, a detailed theoretical simulation is required in order
to further optimize and refine the structures now possible with this new technology so that
photovoltaic (PV) devices with maximum efficiencies can be achieved.

Regarding both top and botlom cell emitter and base thicknesses and doping levels, we calculate
the conditions for maximum photocurrent matching. The dark current is evaluated from the
intrinsic limitation where the saturation current is dominant (giving ideality factor y=1), to the
extrinsic limitation where GR current due to trap levels in the depleted region dominates (ideality
factor y=2). The trap level density, which is highly correlated to the epilayer quality, yield
effective GR lifetimes in the microsecond range (ref. 4). Thus, their participation in the
recombination processes of photo-exciled carriers is negligible compared to band to band
recombinations and does not affect minority carrier diffusion lengths. This is why most of actual
photovoltaic devices show performances limited by the open circuit voltage and fill factor while
still exhibiting an excellent photocurrent characteristic (ref. 5).

The present study is undertaken to set a near optimum design for a maximum internal efficiency.
The effect of grid shadowing and light reflection which are directly relevant on technological
processing are not taken into account.

1Also at the LPSES-CNRS, Valbonne, France.
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METHOD OF CALCULATION

The values of the radiative recombination coefficient and minority carriers mobility versus doping
levels in high quality InP and GalnAs epilayers were exiracted from references 6 and 7.

The expressions of the equations describing photovoltaic multi-junctions are well known (ref. 8)
and will not be recalled here. Nevertheless, it is important to summarize those describing the
bottom cell response and the dark current.

Let us write J; and J, as the top and bottom cell photocurrent. Jp is a single InGaAs solar cell
response Jincaas (E) reduced by the absorption of the top cell and the tunnel diode.

1, = | e (@Ex @@+ @@y, 5y s (EYa(E) 1

Where X, X, % are the emitter, base and tunnel diode thicknesses; ae(E), ap(E) and o (E) are
their absorption coefficients varying with doping levels, and (E) is the solar spectrum.

The top and bottom cell photocurrent matching is achieved by an appropriate choice of the
individual layer thicknesses. : : B}

The expression of the dark current related to such diodes, is set by considering the saturation
current I, (ref. 8), the tunnel current Iy, (ref. 10), and the GR current lge (ref. 8) with lg, = qnWixy, .
Where q is the electron charge, n; the intrinsic carrier density, W is the depletion region width,
and 1 is the effective GR lifetime.

The I-V characteristic of a single cell is then expressed by (ref. 8),
I=7, - LY/ " +D)- 1"/ +1)-1_ - V/Re | 2

Where u=0.026V at room temperature, V=Vi-R,l (R, seres resistance), and R, is the shunt
resistance.

The output voltage of the tandem under illumination is the sum of that from the individual
constituent cells reduced by the voltage drop in the tunnel junction. The tandem pholocurrent
however is controlled by the cell generating the lower photocurrent.

RESULTS AND DISCUSSION
Table 1 shows the parameiers required to achieve a near optimum design of N/P and PN

tandem solar cells respectively.
The caiculaled performances are:

n=1 n=2

Jcc= 33.3 mA Jcc= 33.3 mA
VoCine= 1.17V Voc,p= 0.97V
VOCincars=0.64 V VOCinGars=0.5V
n= 36.24% n=27%

for a N/P structure and

n<2 (1,=100ms)

n=2 (1g=1ms)

Jce= 28 mA Jec= 28 mA
VoCie= 1.1V Vocp= 0.9V
Voc,,,cw=0.62 \" Vocmcm=0.5 \")
n= 30.5% n= 22%
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for a P/N structure (because of a high series resistance we can not assume a idealiy factor
equals 1o unity).

OPTIMIZATION

PNorNP?

A priory P/N junctions may seem to be more suitable than N/P structures so as to take
advantage of the absorption shift present in p doped compounds (ref. 9). N doped layers
however have a lower sheet resistance and p type Ings3Gag 47AS compounds show much better
minority carriers mobilities (ref. 7). Furthermore the relatively low absorption coefficients in these
materials will necessitate the use of thicker junction layers (of 4-5um) to minimize transparency
losses. Thus a N/P structure is required for good carrier collection before recombination.

In this work the surface recombination velocities (SRV) values used are those found in
InGaAs/InP double heterostructures and InPmonolayer.

Emitters

The top cell emitter thickness is calculated to allow an optimum performance through a
compromise between a minimization of the surface recombination rate and a reduced sheet
resistance (ref. 11).

The bottom cell emitter thickness is derived to achieve the best carrier collection before
recombination. There is no sheet resistance and the SRV is small due to the presence of a
window layer. Figures 2 shows for comparison the performances expected in the case of P/N and
N/P tandems versus emitter width with optimum doping and base width shown in table 1. We can
see that the different values of minority carrier mobilities versus doping level lead 1o a difference
of 6% of absolute efficiency if a N/P rather than P/N structure is considered. Also p doped
emitters need to be thicker due to high sheet resistance. Consequently, the base is required to
be thin in order to allow the photocurrent matching. Therefore the optimum design of P/N tandem
is a top cell inverted structure ( emitter thicker than the base).

Bases

The base participation in the tandem performance can also be optimized by adjusting the width
and the doping level. The high electron mobility in p doped InGaAs aliows the use of a thicker
bottom cell base without significant carrier recombination. The top cell base is therefore critical
due 1o photocurrent matching constraints.

Figures 3 and 4 show the variation of the photocurrent and efficiency as a function of the InP
base thickness assuming a perfect case of y=1 (1, =100 ps). We can see that light absorption in
the InP base leads o an Increase of the top cell photocurrent and a decay of the bottom cell
photocurrent. The condition of equal currents (top cell thickness: 0.3um) comresponds precisely to
the optimum conversion efficiency of the tandem shown in figure 4 (36% AMO). The high
correlation between the photocurrent matching condition and the multi-junction efficiency is
clearly demonstrated. Figure 4 shows also the case where a 100% intemal efficiency is assumed
in order to emphasize the influence of SRVs, lifetimes and diffusion lengths on the photo-
response. These combined intrinsic and extrinsic limitations result in a 20% change in absolute
efficiency between the two models. )

The calculated intemal spectral response of the near optimum design tandem solar cell is
presented on figure 5. It emerges clearly that the device limitations are mainly due to the bottom
cell characteristics. The limited values of diffusion lengths and low absorption do not permit
better expectations.

Dark current

As mentioned previously, the dark current is controlled by three different processes. First the
saturation current Is which varies with the square of the intrinsic carrier concentration (ref. 4)
leads to an intrinsic limitation. Second is the band to band tunneling current which becomes non
negligible only in highly doped junctions. Third is the Generation-Recombination current which is
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the main factor to be minimized by the growth technique. The density of trap levels in the
bandgap is taken into account in the |-V characteristics as an effective GR lifetime (equation 2).
To describe the effect of this latter parameter on the cell perfformance, we have drawn in figure 8
the variation of the conversion efficiency of a tandem over a wide range of GR lifetimes yielding
ideality factors ranging from 2 to 1. There is a non negligible 8 % in absolute efficiencies
enhancement when GR lifetimes vary from 1ps o 20 ps.

Tunnel junction

in the case of a monolithic tandem structure, the electrical interconnect between the two cells is
achieved by an InGaAs tunnel junclion (ref. 12). An ideal tunnel junction should modify neither
the electrical nor the optical properties of the tandem. It has been shown previously (ref. 12) that
very thin and extremely low resistivity InGaAs tunnel junctions can be fabricated with CBE. In
addition, through patterning of the tunnel junction we can further minimize light absorption in this
region (ref. 13). The influence of light absorption in the tunnel junction area on the tandem
efficiency is shows in figure 7.

CONCLUSION

The characteristics of an InP/InGaAs monolithic solar cell have been evaluated using a large
range of geometric considerations. Our calculations demonstrate the influence of the emitter,
base, and tunnel junction layer thicknesses and have allowed us to set a near optimum design
for a maximum tandem efficiency. The minority camrier mobilities, especially in InGaAs, seem to
suggest the superiority of N/P over P/N structures. Finally it has been demonstrated that

photocurrent matching is the principal condition for a near optimum design and that high
efficiency tandem solar cells require a low trap level density.
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Figure 1: Schematic representation of the monolithic tandem solar cell.
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Table 1.

Topcell InP Bottom cell Ing 5;Ga, ¢ AS
N/P P/N N/P P/N
Emitter
SRV 10° cm?s™ 10° cm?s™ 10° cm?s™ 10% cm?s™?
Doping 3.10"%cm? 3.10"%cm? 10" cm 10" cm?®
Thickness 0.02 um 0.15 um 0.5 um 1 um
Lifetime ins 1ns 0.3ns 0.3ns
Diff length 0.45 um 25um 0.4 um 23 um
Base
SRV 10° cm?s™ 10° cm’s™ 10° cm’s™ 10° cms
Doping 510" cm? 510" cm? 10" ecm? 10" ¢m?
Thickness 0.25 um 0.05 um 4.5um 3 um
Lifetime 23ns 23ns 19 ns 19 ns
Diff length 13, 8 um 1.35 um 7 um 1.5 um
Series Resistance 0970 20
Shunt resistance 10°Q 100

The near optimum design has been calculated through a systematic variation of all the relevant
cell parameters.

InP top cei
-=-- InGaAs bottom cell

[ XL - i 4 A A A x L
%5 [X] 02 03 04 o% 8024s 02 04 (7] () 10 12
Emitter width (micron)

InP base Thickness (microns)

Figure 2 : Conversion efficiency of N/P and P/N Figure 3: The effect of
tandem solar cell vs. top emitter width with
optimum doping and base width.

the top cell base
thickness  (emitter = 0.05.m) on the
photocurrent of a tandem cell with a patterned
tunnel junction.
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PERFORMANCE, DEFECT BEHAVIOR AND CARRIER ENHANCEMENT IN LOW ENERGY,
PROTON IRRADIATED p+nn+ InP SOLAR CELLS
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R.K. Jain
University of Toledo
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InP p*tnnt cells, processed by MOCVD, were irradiated by 0.2 MeV
protons and their performance and defect behavior observed to a
maximum fluence of 1013 cm~2. Their radiation induced degradation,
over this fluence range, was considerably less than observed for
similarly irradiated, diffused junction ntp InP cells. Significant
degradation occured in both the cell's emitter and base regions the
least degradation occuring in the depletion region. A significant
increase in series resistance occurs at the highest fluence. Two
majority carrier defect levels, E7 and E10, are observed by DLTS
with activation energies at (Eg-0.39)eV and (Ec-0.74)eV
respectively. The relative concentration of these defects differs
considerably from that observed after 1 MeV electron irradiation. An
increased carrier concentration in the cell's n-region was observed
at the highest proton fluence, the change in carrier concentration
being insignificant at the lower fluences. In agreement with
previous results, for 1 and 1.5 MeV electron irradiated InP ptn
junctions, the defect level E10 is attributed to a complex between
zinc, diffused into the n-region from the zinc doped emitter, and a
radiation induced defect. The latter is assumed to be either a
phosphorus vacancy oOr interstitial. The increased, or enhanced
carrier concentration is attributed to this complex acting as a
donor.

INTRODUCTION

The highest AMO efficiency (19.1%) InP solar cell consisted of an
n*pp?t structure epitaxially grown on a pt InP substrate [1].
However, the high cost and relative fragility of InP served as
motivation for research efforts directed at heteroepitaxial growth
of InP on more viable substrates [2,3]. The highest AMO efficiency
(13.7%) for this type of cell was achieved using a GaAs substrate
[3,4]. Considering only cost and fracture toughness, Si would be
the preferred substrate. The fact that Si is a donor in InP
introduces complexities which are necessary in order to avoid the
formation of an efficiency limiting counterdiode [5]. One method

used to overcome this problem, lies in employing an ntp
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tunnel junction in contact with the cell's p region. A simpler
method consists of using an nt* substrate and processing the cell in
the p*nnt configuration. This eliminates the need for a tunnel
junction. Unfortunately, the p/n configuration has received
relatively little attention the best cell with this geometry having
achieved an efficiency of 17% [6]. Irradiation of these
homoepitaxial cells, with 1 MeV electrons, showed that they were
slightly more radiation resistant than diffused juntion n/p cells
[7]. Additional p/n InP cells have been processed by closed ampoule
diffusion [8]. Currently, there has been some activity aimed at
producing heteroepitaxial p*tnnt InP cells using nt Ge substrates
[9]. Since, like Si, Ge is an n-dopant in InP, use of this
configuration obviates the need for a tunnel junction. Obviously,
before attempting to process heteroepitaxial cells, one must produce
a reasonably good homoepitaxial cell. 1In the present case we focus
our attention on homoepitaxial p*nn* cells processed prior to
producing the cells heteroepitaxially on an n* Ge substrate [9].

EXPERIMENTAL DETAILS

The cells were processed by MOCVD, at the Spire Corporation, under
contract to NASA Lewis. Cell configuration, dopants and
concentrations are shown in fig. 1. Processing details can be found
in_reference 9. Irradiations by 0.2 MeV protons, to a fluence of
1013/cm?2 were performed at the University of Michigan's ion
implantation facility. Cell performance was determined at NASA
Lewis using a Spectrolab Mark II, xenon arc solar simulator with
flight calibrated InP standard cell. Spectral response and Isc-Voc
measurements were also performed before irradiation and at each step
in the irradiation process. Carrier concentrations in the cell's
p-base, near the junction were determined by capacitance-voltage
measurements. Defect behavior was monitored by DLTS measurements.

RESULTS AND DISCUSSION

Performance

Pre-irradiation performance parameters are shown in table I.
Considering the fact that theoretical modelling indicates possible
efficiencies over 22%, the present efficiencies are excessively low
[10]. This is attributable to the fact that the present cells were
processed in an early stage of development. In fact, AMO
efficiencies of 17% have subsequently been achieved at Spire [6].
Higher efficiencies can be anticipated with additional effort.

The results of the 0.2 MeV proton irradiations are shown in fig.2.
Comparision of normalized efficiencies with 0.2 MeV proton
irradiated diffused junction n/p cells is shown in fig.3. The n/p
cells had the same junction depth as the present cells with AMO
efficiency=15.1%, Voc=823 mV, Jsc=29.4 ma/cm?, and FF=85.6% [11].
Comparision of normalized efficiencies indicates considerably more
radiation resistance for the present cells at the higher fluences.
Also, comparing numerical efficiency values, the present cells
outperform the n/p cells at the higher fluences.
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The external quantum efficiency, before jrradiation and at a fluence
of 1012 em~2, is shown in fig.4. The quantum efficiency at the
highest fluence is lost in the system noise and is therefore not
shown in the figure. Figure 4 indicates that considerable
degradation occurs in both the emitter and base of the solar cell.

A numerical estimate of the relative degradation is obtained using
the relation

Jsc = YSR(N) E(AIA g la

Where SR(As) the spectral response, in mA/mW, is obtained from the
quantum efgiciency using the relation

SR(Ny) = Qr(Aj) Aj/1.24 1b

where E(As) in mW cm™2 micron-l is the solar spectral radiance at
wavelengtﬁ A5 in microns, Qg( Aj) is the external quantum
efficiency at Aj,‘A.A- is an appropriate wavelength interval and
the summation i§ over all wavelengths covered by the quantum
efficiency in fig.4. The junction depth is approximated by the
optical path length 1/C%j where ¢x; is the absorption coefficient at
wavelength %ﬁ. Using 1a and 1b ig is found that the degradation in
short circuit”current is approximately divided between the emitter
and base. An estimate of the relative degradation in base and
emitter is obtained from the Isc-Voc measurements obtained over a
range of light intensities. The results pefore irradiation and at a
specific fluence are shown in table IT. considering the reverse
saturation currents Jg2 is attributed to recombination in the cell's
depletion region while the major contribution to Joi arises from
diffusion in the base of the cell. Hence, from the diffusion and
recombination current densities in table II, it is concluded that
the radiation induced degradation in the cell's base is much greater

than that occuring in the depletion region.

Defects

The DLTS spectrum, at the highest fluence, is shown in fig.5 while
defect parameters are listed in table III. No defect levels were
observed prior to irradiation. The defect concentrations obtained
from fig.5, and shown in the table, have been corrected for band
bending and its effect on space charge when crossing the Fermi level
[12]. The majority carrier defect levels labelled E7 and E10 have
been observed previously after irradiation by 1 and 1.5 MeV
electrons [13]. The broad signal observed between E7 and E10
appears to be due due to the presence of one or more unresolvable
defect levels. The present energy levels for E7 and El0 are in
reasonable agreement with those previously reported for these
defects [13]. However, the concentration ratio Np(E10)/Np(E7)~ 50
in the previously electron irradiated case [13] while in the present
case the ratio is 0.56. Hence, although E10 could reasonably be
assumed to be the major radiation induced defect, observed by DLTS,
in the n region of electron irradiated p+n InP [13], the choice of
major defect is not clear cut in the present case. It is noted
that, after electron irradiation, E7 was observed, but not E10, in
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the DLTS spectrum obtained using a Schotth barrier on n-type InP
[13]. 1In fact, E10 was only seen when a p™n junction was used, the
pt region being heavily zinc doped. It was therefore initially
concluded that E10 was a result of zinc diffusion into the n-region,
the zinc complexing with an unidentified radiation induced defect
[13]. Another possibility considered was the formation of a complex
between a process induced and radiation induced defect [13].

Carrier concentrations in the n-region, measured over a range of
fluences, indicated that at all but the highest fluence, the change
in carrier concentration was negligible. However, at the highest
fluence, the carrier concentration was significantly increased over
the pre-irradiation value (table IV) This is in opposition to
observations in the p-region of n*p InP where both proton and
electron irradiations produced decreased carrier concentrations
[14,15]. Although this appears to be the first reported observation
of carrier enhancement in proton irradiated InP, the effect has been
observed before after 1 MeV electron irradiation [16]. It is
51gn1f1cant that, in both cases, carrier enhancement is observed in
the n-region of an InP p*n diode where zinc is used as the p-dopant

[16]. In agreement with the prev1ous suggestion [13] it was argued
that zinc diffuses into the n-region and complexes with a radiation
induced defect [16]. In the latter case it was further argued that

the defect was either a phosphorus interstitial or vacancy [16].
Furthermore, it was argued that the complex acts as a donor. 1In
relation to the present solar cell parameters, the carrier
enhancement does not appear to be a factor in improving cell
performance or in decreasing series resistance. This is evident
from fig. 1 and table V, the latter showing that cell series
resistance, obtained from dark diode I-V data, increases
significantly at the highest fluence. 1In any event, the present
results indicate that, despite the anomolous increase in carrier
concentration, the effects of radiation induced defects on transport
properties, such as diffusion length are dominant in determining
cell behavior under the present low energy proton irradiations.

CONCLUSION
Under irradiation by 0.2 MeV protons, it is concluded that;

The radiation induced degradation is considerably lower in the
present cell when compared to diffused junction n*p InP cells.

Considerable radiation induced degradation is observed in both the

base and emitter of the present cells, both degradations being
considerably greater than that occurring in the depletion region.
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The relative concentration of defects E7 and E1O0, Ny (E10)/Np(E7), is
considerably greater under 1 and 1.5 MeV electron irradiations
than is the case for the present irradiations.

A significant increase in carrier concentration (carrier
enhancement) occurs in the cell's n-region after jrradiation by 0.2
Mev protons at a fluence of 1013 cm—2. At the lower fluences, the
change in carrier concentration is insignificant.

In concurrence with previous conclusions after electron irradiation,
the defect level E1l0 is attributable to a donor complex formed
between zinc and a radiation induced defect. The latter is assumed
to be either a phosphorus interstitial or vacancy-.

In the present case, the radiation induced carrier enhancement
appears to have little or no effect on cell performance.
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Table I: Cell Pre-Irradiation Performance Parameters

Jec Voc B FF Eff.
mA/cm? mV % %
23.6 851.4 84.7 12.4
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Table II:

Ep = 0.2 MeV

Diffusion and Recombination Components
of Reverse Saturation Currentsa

Fluence A, A, Jo1 Jo3
cm™? A/cm? A/cm?
0 0.89 1.57 1.03 x 10°** 3.9 x 107
10* 1.32 2.08 1.5 x 10°* 5.5 x 10°*
Table III: Characteristics of Majority Carrier Defect
Levels Obtained by DLTS in p'n n' InP
Ep = 0.2 MeV
Fluence = 10%/cnm’
DEFECT ACTIVATION CAPTURE CONCENTRATION INTRODUCTION
ENERGY CROSS SECTION RATE
ev cm? cm? cm?
E7 Ec-0.39 4.1 x 107V 8.67 x 10*° 867
E10 Ec-0.74 3.6 x 107 4.88 x 10*° 488
Table IV: Electron Concentration in n-Region of 0.2 MeV
Proton Irradiated p‘nn' InP Cell
FLUENCE ELECTRON CONC. CHANGE IN
ELECTRON CONC*
cm" cm'] cm'3
0 3.18 x 170“ 0
10" 3.86 x 10** +6.8 x 10

* Change in carrier conc. was negligible at the lower fluence.
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Table V: Series Resistance in 0.2 MeV Proton Irradiated Cell

FLUENCE
(M) 0 2 X 104 10%2 108
SERIES RESISTANCE
OEM - cm? 0.49 0.36 0.56 1.7
P+-IN§
T-(MICRONS) fzi fzi
0.25 P*-2E18 (Zn)
1.5 N-3,2E16 (S1)
0.5 N*-5E18 (S1)
9  N*-5E18 (5) T
(L

0.2 MeV PROTON RANGE-1,5 MICRONS

FIGURE 1. InP CELL DETAILS
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FIGURE 3. COMPARISION OF P*NN* AND N'P IRRADIATED InP SOLAR CELLS
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FIGURE 5, DLTS OF P*NN* INP CELL, Ep=0.2 MeV, FLUENCE=1013 cM-2
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ELECTRON-IRRADIATED TWO-TERMINAL, MONOLITHIC InP/Gag 47/ng s3As TANDEM

SOLAR CELLS AND ANNEALING OF RADIATION DAMAGE

H.L. Cotal, R.J. Walters, and G.P. Summers
U.S. Naval Research Laboratory
Washington, DC

and

S.R. Messenger
SFA, Inc.
Landover, Maryland

ABSTRACT

Radiation damage results from two-terminal monolithic InP/Ga, ,,In,.,;As tandem solar cells subject to 1
MeV electron irradiation are presented. Efficiencies greater than 22 % have beoen measured by the
National Renewable Energy Laboratory from 2x2 cm™ cells at 1 sun, AMO (25 C). The short circuit
current density, open circuit voltage and fill factor are found to tolerate the same amount of radiation at
low fluences. At high fluence levels, slight differences are observed. Decreasing the base dopant level of
the Ga, ,,In, .,As bottom cell improved the radiation resistance of J__ dramatically. This in tum, extended
the series current flow through the subcells substantially up to a fluence of 3x10  cm "~ compared to 3x
10 cm , as observed previously. The degradation of the maximum power output from the tandem
device is comparable to that from shallow homojunction (SHJ) InP solar cells, and the mechanisms
responsible for such degradation is explained in terms of the radiation response of the component cells.
Annealing studies revealed that the recovery of the tandem cell response is mostly dictated by the
annealing characteristics exhibited by SHJ InP solar cells.

INTRODUCTION

In the past few years, tandem solar cells have been the center of much research as an altemate
source of generating electrical power in space applications (refs. 1-4). However, for a solar cell to be
suitable for this application, it must tolerate the harsh radiation environment of space. Such a cell is the
two-terminal, monolithic InP/Ga, ,,In,.,As tandem solar cell grown by the National Renewable Energy
Laboratory. In collaboration with the Naval Research Laboratory (NRL), the tandem cell program has
been directed toward optimizing the radiation resistance of the tandem cells by improving the device
strycture. To date, this has lead to the fabrication of two-terminal, monolithic prototypes as large as 2x2
cm” with beginning of life (BOL) efficiencies greater than 22% (1 sun, AMQ, 25 C). Several of these cells
will be tested in the STRV 1 space experiment soon (ref. 5).

An InP-based approach has been integrated into the tandem technology mainly because of the
proven higher radiation resistance of shallow homojunction (SHJ) InP cells than other types such as Si
and GaAs (ref. 6). A key issue in the development of the two-terminal tandem device is to design each
subcell so that the series current flow through both junctions is matched end-of-life (EOL) after
irradiation. Preliminary studies on InP/Ga, ,,In, .,As tandem cells irradiated with successive fluences of 1
MeV electrons have already shown promising results (ref. 2). The subcell currents remained equal at
relatively high fluences, and the degradation of the photovoltaic (PV) parameters occurred at a slow rate.
By varying the base dopant level of the Ga, ,,In,;,As bottom cell, it was found that the rate of decay of
the short-circuit current density (J,) and the open-circuit voltage (V) is more pronounced for the
heavily-doped case by the former parameter but less pronounced by the latter (ref. 7). As a first step in
the optimization procedure for the tandem cell, the base dopant level of the bottom cell was reduced.

The ability of a solar cell to recover from radiation damage is also an important aspect of the overall
cell performance. The recovery of irradiated tandem cells due to thermal annealing in the dark is
presented, and the recovery is analyzed in terms of the annealing characteristics of the individual cells.

The tandem cells were tested with successive fluences of 1 MeV electrons. Illuminated current-
voltage (I-V) measurements and annealing results are presented for InP/Ga, ,,In, .,As solar cells. The
results are compared with previous studies on InP/Ga, ,,In, . ,As cells and with each component cell, all
with a similar structure.
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CELL DESCRIPTION

The tandem cells were grown by the atmospheric-pressure metal organic vapor phase epitaxy
(APMOVPE) technique for which the details have been described elsewhere (ref. 8). The cell structure
consists of an InP top junction, a Ga,,In . ,As bottom junction and a Ga,,lIn ,As tunnel junction to
provide the electrical connection between the subcells, as shown schematically in Fig 1. The component
cells are Iattuce-matched by adjusting the Ga and In compositions. The total area of the tandems in this

study were 1x1 cm’.
EXPERIMENTAL PROCEDURE

The cells were irradiated with incremental fluences of 1 MeV electrons at NASA Goddard, and the
fluence was measured with a Faraday cup. The irradiations were performed in ambient conditions at
room temperature under open circuit. The beam current was usually kept in the nanoamp regime to
avoid heating the device, and the electron fluence ranged from 1x10 " to 2.4x10 cm . Measurements
of the I-V characteristics were made within three hours after each irradiation. The results were obtained
under one sun, AMO at 25 C using a 2500 W SpectroLab, Mark lil solar simulator. The efficiency is
measured using an InP reference cell calibrated by NASA Lewis Research Center. Since the band gap of
Ga, ,In,As is 0.75 eV, it should be pointed out that the IR portion of the simulator in this energy region
is somewhat stronger than what it should be. This is characteristic of the uncorrected Xe sources
employed, and the overall effect this has on the I-V curve is to enhance the fill factor by a very small
percentage (ref. 9). Annealing of the radiation damage was carried out in the dark and in the air up to

500 K.
RESULTS

The effects of radiation damage on the cell |-V curves are illustrated in Fig. 2. The main feature of
importance from the 1-V curve is the smooth kink which begins to develop at low voltages as a result Q
the gcurrent mismatch between the top and bottom cells. The kink appears at a fluence of about 3x10
cm” , and becomes more pronounced as the irradiation increases. This feature has been associated with
the reverse-bias breakdown of the Ga, ,In,,As bottom cell, which has been observed before in
InP/Ga, ,.In, .,As devices (ref. 2). (Not related to radiation damage, however, a mismatch in the currents
between the subcells at BOL has been seen due to the spectral content of different light sources (ref. 9).)
This allows the larger generated current from the top subcell to pass through the tandem. The data also
show excellent radiation resistance in these partially optimized cells despite the presence of a slight BOL
current mismatch between the subcells.

Figure 3 depicts the change of the PV parameters with electron fluence for a tandem cell. At low
fluences, the degradation of the maximum power (P__) output of the cell was primarily due to the
reduction of J_ and V__. The power loss at a fluence of 1x10 cm was about 20% relative to the BOL
power. An additional plot of the degradation of the efficiency of a SHJ InP solar cell is included in the
figure for comparison. The degradation of the tandem cell efficiency is comparable to that of the SHJ InP
cell. It should be noted that for GaAs/Ge solar cells the FF has been reported to be affected by the
infrared portion of the excitation source (ref. 9). Since the infrared content of the Xe source used in this
study has not been entirely suppressed to simulate the sun's true IR spectrum, the FF considered here is
that of an effective FF. Although this should boost the cell efficiency by a small percentage, the radiation
response and the annealing behavior of the solar cells are the issue of importance and not the absolute
values of the PV parameters.

lllustrated in Fig. 4 are two |-V curves measured after lrradlahon with 1 MeV electrons at a fluence of
3x10" e/cm’ for the tandem cell in this work, and a tandem cell from a previous study for comparison.
The present cell is offset by 0.25 for clarity. At this fluence, P, from the early tandem is suppressed by
the radiation-induced kink which appears as a result of the current mismatch. The present tandem cell
does not show a pronounced current mismatch at this fluence, and in consequence, P, is considerably
higher. Therefore, the devices studied here show a dramatic enhancement of the radiation resistance
compared to the previous cell. This is known to be due to the reduced carrier concentration in the base of
the bottom cell (ref. 2), and is discussed below.

A desirable feature of space solar cells is the ability to thermally anneal the radtatlon damage while

being subject particle irradiation. Annealing of InP/Ga, ,,In, .,As cells exposed to 2.4x10 " em” electron
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irradiation was carried out to examine the recovery of the cell response. Fig. 5 depicts a few |-V curves
that were isochronally and isothermally annealed, both in 30-minute increments. As illustrated in the
figure, the I-V curves gradually recover from the post-rad curve but fall short from recovering completely.
The behavior of PV parameters as a function of annealing temperature is shown in Fig. 6. The pre-
annealed value of each parameter is normalized with respect to the corresponding pre-rad value. Partial
recovery of J_ is seen to begin at 350 K and begins to level off near 450 K and stays constant up to 500
K. At this temperature, the sample was annealed isothermally to check whether more recovery was
possible. All parameters except for Eff% showed no further appreciable recovery. At 500 K for 1.5 hours,
P,.. has recovered by 16% from its pre-anneal value.

DISCUSSION

Recent studies on prototype, two-terminal, monolithic inP/Ga, ,,In,,As solar cells demonstrated that
these devices perform very well when exposed to 1 MeV electrons. It has been shown that the
degradation of the PV response is similar to that observed in SHJ InP cells up to a fluence of 3x10
e/cm’. The results were very encouraging considering that the previous tandem cells were not optimized
for radiation resistance. The present study reports on the work of a first step in optimizing the tandem cell
structure for radiation resistance.

In an effort to optimize the InP/Ga,,,In,;As tandem solar cells so that the subcell currents remain
matched at EOL in a space environment, the PV response of the component cells must be adjusted.
Particularly, J__ must be designed to be highly tolerant to radiation. Work dealing with the effects of base
dopant level on J__ from Ga,,In,,As and InP solar cells suggest that the radiation hardness of J_ is
improved by decreasing the base dopant concentration (refs. 2, 7, 10). Similar results have been
obtained from GaAs single junction solar celis (ref. 11). In viewjpf this, the base dopant level of the
bottom subcell was reduced by an order of magnitude (to about 10 cm ") which caused the resistance of
J. to increase. In consequence, the onset of the current mismatch between the subcells was extended tg
substantially higher fluence levels. From pre\gious tandem cells, the mismatch occurs at 3x10 e/cm’
whereas in this study it occurs at 3x10 ~ e/cm, which is a dramatic improvement. The improved current
matching which is, in turn, due to the radiation-hardening of J_, is a result of the decreased sensitivity of
charge collection to the radiation-induced degradation of the minority carrier diffusion length (or its
lifetime) in the bottom cell (ref. 10).

Itjs ir]terezsting to note that the fill factor is only reduced by 8% relative to the BOL value at a fluence
of 10 e/cm . Using a technique developed by Handy (ref. 12), intensity-dependent measurements of
the |-V curves for the tandem cells show that the series resistance is In the order of a few milliohms for
the fluence range studied. In addition to this, analysis of dark I-V fits suggest that the 1§eries Eesistance
may not even play a role in the degradation of Ga, ,,In,.,As devices at a fluence of 10 e/cm" (ref. 13).
This would seem to suggest that the overall series resistance has almost a negligible effect on FF, and
thus the device performance. The low series resistance is probably due to the heavily doped base of
each subcell thus decreasing the overall material resistivities.

Partial recovery is seen in the irradiated tandem cells. The annealing characteristics exhibited by J_
and V__ are similar to those reported elsewhere (ref. 14) on SHJ InP solar cells and they seem to be
consistent with this type of cell. Particularly, in that study, no notable recovery of J_, V,__ and P_,, is
further seen at temperatures above 400 K. This appears to be consistent with other SHJ InP cells where
a similar trend is observed (ref. 15, 16). The annealing behavior of the tandem cell can be described in
terms of the minority carrier diffusion length of each component cell. The recovery of J_ under thermal
annealing can be attributed to annealing of defects formed in the neutral regions of the device where J_,
is mostly affected. This, in tum, results in an increase of the minority carrier diffusion length thus allowing
the collection of charge carriers to be more efficient. A point worthy of mention is that according to
unpublished results obtained at NRL, the recovery of J_ from the Ga, ,,In, ,As bottom cell occurs at a
faster rate than the InP top cell. This suggests that the recovery of J_ from the tandem cell is mainly
characteristic of the recovery from the InP top cell. Likewise, V__ from InP solar cells does not recover as
fast as that from Ga,,,In, ,,As solar cells. This is an interesting result because it shows that unless the
recovery rate of the PV response of the top subcell is the same as that of the bottom subcell, the tandem
cell will not recovery effectively under thermal annealing.

A final remark about the degradation of J.. and V,_ can be made on the basis of their normalized pre-
annealed values in Fig. 6. At a fluence of 2.4x10 " e/cm’, J,__and V_ have decreased to 62% and 78%
from their pre-rad values, respectively. The modeling results from reference 10 combined with the results
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of references 2 and 7 suggest that a more optimized cell design for the radiation resistance of J__ and
V... the efficiency would be expected to increase by several percent at EOL.

CONCLUSIONS

High-performance, partly optimized InP/Ga, In,.,As tandem solar cells have been achieved, and
have shown excellent radiation response. Efficiencies greater than 22% have already been obtained
from 2x2 cm” cells. After 1 MeV electron irradiation, the tandem cells with a BOL efficiency of over 20%
have shown an efficiency of approximately 10% at a fluence of 10 e/cm. This is higher than Si and
GaAs, both with efficiencies of about 7.5% at the same fluence. Furthermore, the results described here
show that the radiation resistance of J__ and V_ can be further optimized by fine-tuning the device
structure, specifically, the base dopant level of the Ga, ,,In, .,As bottom cell.

The annealing results revealed that the tandem cell annealing characteristics are mainly controlied by
the InP top cell. This indicates that if annealing of tandem solar cells are viable while in earth orbit, then
not only is the degradation rate of importance but also the annealing rate. That is, J_ in each subcell
must recover at the same rate so that current matching can be maintained throughout the mission life.
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Figure 1: Schematic diagram of the InP/Ga, ,,In, ;;As tandem solar cell structure.
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INTRODUCTION

The superior radiation resistance of InP over other solar cell materials such as Si or GaAs has
prompted the development of InP cells for space applications. The early research on radiation effects
in InP was performed by Yamaguchi and co-workers who showed that, in diffused p-InP junctions,
radiation-induced defects were readily annealed both thermaily and by injection, which was
accompanied by significant cell recovery.

More recent research efforts have been made using p-InP grown by metalorganic chemical
vapor deposition (MOCVD). While similar deep level transient spectroscopy (DLTS) results were found
for radiation induced defects in these cells and in diffused junctions, significant differences existed in
the annealing characteristics. After injection annealing at room temperature, Yamaguchi noticed an
almost complete recovery of the photovoltaic parameters, while the MOCVD samples showed only
minimal annealing.

In searching for an explanation of the different annealing behavior of diffused junctions and
those grown by MOCVD, several possibilities have been considered. One possibility is the difference in
the emitter structure. The diffused junctions have S-doped graded emitters with widths of ~0.3um,while
the MOCVD emitters are often doped with Si and have widths of ~300A (0.03um). The difference in the
emitter thickness can have important effects, €.g. a larger fraction of the total photocurrent is generated
in the n-type material for thicker emitters. Therefore the properties of the n-inP material may explain
the difference in the observed overall annealing behavior of the cells.

EXPERIMENTAL

in this study, n-InP solar cells and mesa diodes were iradiated with either 1 MeV electrons or 3
MeV protons, with both (current-voltage) IV and DLTS measurements being made. The IV
measurements were performed both in the dark and under 1 sun AMO illuminations using an Criel
1000W portable Xe arc lamp simulator. A Kepco 50-2M bipolar amplifier, and two Keithley 617
electrometers were employed in the IV measurements, which were computer controlled through a GPIB
interface. DLTS and capacitance-voltage (CV) measurements were performed using the Bio-Rad
DL4600 system which uses the Boonton 72-B capacitance meter. The cryostat used in the DLTS
system has a temperature range of 85-500K which allows annealing experiments to be performed
directly in the cryostat. The cryostat window is made of sapphire which allows for cell illumination as
well. Al cell measurements were thus performed in the cryostat. This unique system provides a
simple and convenient means for collecting cell data.

The samples were grown by Spire Corporation using Si as the n-type base dopant. Figure 1
gives a schematic description of the samples. The base dopant level was -3 x 10" ¢cm™ and that of
the emitter was ~2 x 10'® cm™, both of which were determined from CV measurements.

1 MeV electron irradiations were performed at a Van de Graaff accelerator at the NASA
Goddard Space Flight Center in Greenbeit, MD. Incremental fluences were performed up to ~10"®
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e/cm® The beam currents were low enough (~150 nA) to avoid sample heating during the irradiations.

Dosimetry is known to within 10-15%. The 3 MeV proton iradiations were performed at the Naval
Surface Warfare Center in White Oak, MD on a Pelletron accelerator. One irradiation was performed
giving a total fluence -3 x 10" p*/em? (15-20% accurate). The praton beam was rastered over a 2.4
cm? area, and the current on the target was ~14 nA/cm?,

RESULTS

DLTS Measurements:

Figure 2 shows the DLTS spectrum measured on a p* n InP mesa diode after 1 MeV electron
irradiation to a fluence ~10'® cm™. Majority carrier traps EN1-4, and EB are formed during the
irradiation. One minority carrier trap, HN1, appears in small concentrations and seems to be due to a
composite defect. The "EN" refers to electron trapping in n-type inP. Similarly, "HN" refers to hole
trapping in n-InP. 3 MeV proton irradiation produces the same defect spectrum, except the relative
peak heights are slightly different as shown in Figure 3. Trap EN1 is only seen using rate windows
>1000/s. As can be seen in Figs. 2 and 3, EB is the dominant DLTS signal in both cases. The
activation energy, capture cross section, and annealing characteristics of this peak are similar to those
of the EB peak measured in irradiated p-type InP as shown by McKeever et al. in reference 1. No
clear relationship between the remaining peaks and peaks measured in irradiated p-type InP seems to
exist. The activation energy of the EN2 defect is similar to that of the ED defect measured in irradiated
P-type InP (~0.3 8V) as seen in reference 2, but the capture cross section of EN2 is about two orders
of magnitude larger than that of ED. Also, the activation energy of HN1 is similar to that of the H4
defect (0.34 eV at this dopant level) , but the capture cross section of HN1 is about an order of
magnitude larger than that of H4. This may be due to the fact that HN1 is most likely several
overlapping peaks. Tables | and Il characterize each defect according to its activation energy, capture
cross section, defect concentration, and introduction rate after 1 MeV electron and 3 MeV proton
irradiations, respectively.

Introduction rates were calculated for the 1 MeV electron irradiations and are included in Table
. The errors are ~2-4%. Figure 4 shows DLTS data for the introduction of defects with 1 MeV electron
irradiation. The calculated introduction rate for EB of 0.15 cm is much lower than the value of 0.7
given for the dominant defect H4 in p-type InP by Sibille in reference 3 and also by Levinson et al. in
reference 4 (who measured a value of 1.0). The total trap introduction rate is 0.2 ¢cm™ which is also
much lower than that found for p-type InP as stated in references 3-5, The introduction rates for the 3
MeV protons were obtained from only one data point assuming a linear dependence. This is justified
due to the linear relationships found in the 1 MeV electron irradiated samples, The total trap
introduction rate here is 52.5 defects per incident proton per cm which compares nicely with the data
shown by Walters and Summers in reference 6. Overall, there are much fewer stable defects created

in n-type InP than there are in p-type InP. This same result was also seen by Levinson et al. in
references 4 and 7. :

Forward bias injection annealing at any temperature did not change the DLTS defect structure.
This is in contrast to the behavior of the H4 defect in irradiated p-type InP which injection anneals
readily at room temperature. Isochronal thermal annealing was performed on the electron irradiated
junctions and the resuits are shown on Figure 5. It is seen that the only defect which thermal anneals
is EB. By a temperature of ~400K, EB is completely removed. It should be mentioned that the
annealing experiments were performed with the sample under a reverse bias of -2V. It was found that
open circuit anneals led to an enhanced annealing rate. Experiments are currently under way dealing
specifically with this effect. Thermal annealing both with and without an applied forward bias produces
the same results implying that the annealing is not injection sensitive. There is therefore only one
thermal annealing stage occurring ~360-380K (for the case of Vg =-2V) where the EB peak is
completely removed. This happens to be the same temperature where EB anneals in p-type InP as
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discussed in reference 1. Isothermal annealing experiments on EB indicate a thermal activation energy
to be 1.23 = 0.02 eV in a first order process. This is for the case of annealing with a bias voltage of -
2V. For zero bias, the thermal activation energy is 1.13 eV. These thermal energies are close to the
value of 1.02 eV that Yamaguchi measured in p-type diffused InP functions for the H4 defect as shown
in reference 8. Reference 9 contains isothermal annealing data on LEC n-InP material. The 0.79 eV
defect there has annealing behavior which is very similar to that of EB. First of all, it is insensitive to
injection just as shown above. Also, its thermal activation energy is 0.98 eV which is also close to what
was measured above.

uminated IV Measurements:

Due to the similarity in the defect spectra under both electron and proton irradiation, the IV data
were performed on the 3 MeV proton irradiated cells only. The first experiment measured the recovery
of the cells due to iluminations below room temperature. The IV curves were taken at 86K because, in
p-type InP, it has been found that illuminated IV measurements taken at 86K do not cause injection
annealing (ref. 10). The annealing experiment consisted of measuring the illuminated IV curve at 86K
before and after the 3 MeV proton irradiation. The cell was then warmed to 200K and illuminated, at
short-circuit, for 35 minutes before being cooled to 86K where another illuminated IV measurement was
made. This same procedure was performed for an illuminated anneal at 300K for 30 minutes. The
measured IV curves are shown in Figure 6 and the photovoitaic (PV) parameters are given in Table Iil.
The cell shows some recovery due to the illuminations. The largest increase is in the short circuit
current (1,), but even this increase is small. The fill factor (FF) also increases slightly after the 200K
illumination but not after the 300K illumination. The increase in these two parameters caused an
increase in the maximum power (P,,), but the recovery is inhibited because the open circuit voitage
(V.) shows no recovery. The next experiment was an anneal at room temperature. The same sample
was then left in the dark at 300K for one week. As is seen in Figure 6, there is more recovery inl,,
but it is again only slight. '

The same cell was then illuminated above room temperature. In these experiments, the
iluminated IV curves could be measured at room temperature without altering the results. Figure 7
includes the IV curves measured after 1 week in the dark to indicate the final state of the cell after the
T<300K annealing stages. The corresponding PV data is given in Table IV. Hluminating the cell at
350K for 4 hours caused significant recovery in all of the PV parameters. In particular, V. is seen to
recover for the first time. Subsequently illuminating the cell at 400K for 3 hours caused increases in all
of the parameters. Two hours of illumination at 450K only caused an increase in V, but I was
unaffected.

The IV curve measured after the 450K illumination represents the maximum recovery of the
cell. Significant recovery is evident, primarily due to the increase in 1. However, while the recovery is
substantial, it is far from complete. In particular, almost none of the radiation-induced degradation of
the FF has been removed. Also, V. shows only very little recovery.

Dark IV Measurements:

Measurements were also made of the dark IV characteristics. By fitting the measured dark IV
data to the standard three-term diode equation, estimates of the diffusion term (I,,), the recombination
term (l.), and the shunt resistance term (R,,) were determined. A commercially available curve fitting

package, Peakfit, by Jandel Scientific was used. These fits were performed after each annealing step.

The forward bias dark current characteristics of the same cell used above were measured at
room temperature before and after irradiation, as well as after the successive annealing treatments
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described above. The measured data were fit to the following equation :

\4 v .,
(v =z°1(e%—1) +I,; (e 30 +R‘f—
sh

where |, |, and R, are the diffusion, recombination, and shunt resistance fitting terms, respectively.
In this equation, it was assumed that the energy level (E) of the dominant recombination center is
located at the intrinsic Fermi Level (E). Attempts were made to fit the data with E, as a free parameter
but the pre-irradiation recombination current in this particular cell was large enough that changes in E,
from E, had virtually no effect on the fit. Some examples of the fits obtained are shown in Figure 8.
The data for the fitting parameters are given in Table V for the annealing steps above. The fit to the
pre-irradiation data does not seem to be very good. The reason for this is not known. Nevertheless,
the fits to the post-irradiation and post-anneal data were excellent.

DISCUSSION

These results with p*n InP grown by MOCVD will now be compared with those obtained using
n’p InP fabricated both by thermal diffusion and by MOCVD. The last SPRAT conference contains the
data for the diffused junctions from reference 11. Figure 9 shows annealing data for all three of these
cell types for the maximum power output. The scales are normalized to beginning-of-life (BOL). As
seen on Fig. 9 the diffused junctions fully recover after a thermal anneal of 450K while both MOCVD
cells do not recover even at 500K Moreover, the slow recovery of both MOCVD cell types appears to
be the same indicating similar behavior for n- and P-type InP. This trend is also apparent in Figure 10
where the same cell types are plotted this time for the normalized open circuit voltage. The fitted dark
IV parameters 1, and I, also follow this trend as can be seen on Figure 11. Figure 11 plots the data
from Table V on scales normalized to BOL. The same slow recovery mentioned above occurs. It was
also noticed at the last SPRAT conference from reference 12 that the radiation induced defects in p-InP
did not anneal until thermal anneals at 650K were performed. It might the case that the PV parameters
also would anneal at such temperatures, but the experiments have not been performed successfully,

CONCLUSION

Defect introduction and annealing studies were performed on Spire-grown n*p InP solar cells
and mesa diodes. The introduction rates of the defects formed were shown to be much lower than the
P-type counterparts. The annealing characteristics were, however, the same. In comparing the
MOCVD samples with the diffused junctions, the diffused junctions showed much better annealing
characteristics. Full recovery of the PV parameters existed in the diffused junctions where only minimal
recovery is seen in the MOCVD samples. Future studies will try to expiain this important difference.

170



REFERENCES

1. McKeever, S.W.S.; Walters, R.J.; Messenger, S.R.; and Summers, G.P.. Deep Level transient
spectroscopy of irradiated p-type InP grown by metalorganic chemical vapor deposition. J. Appl.
Phys., vol. 69, 1991, pp. 1435-1439.

2. Walters, R.J.; Messenger, S.R.; Summers, G.P.; Burke, E.A.; and Keavney, C.J.: Proton and
electron irradiation of MOCVD InP solar cells: Experimental results and radiation modelling. Proc.
of the 22™ |IEEE Photovoltaic Specialists Conference, October 7-11, 1991, Las Vegas, NE,
pp.1560-1565.

3. Sibille, A. and Bourgoin, J.C.: Electron irradiation induced deep levels in p-InP. Appl. Phys. Lett.,
vol. 41, 1982, pp. 956-958.

4. Levinson, M.; Temkin, H.; and Bonner, W.A.: Electron bombardment induced defect states in p-
InP. J. Electron. Mater., vol. 12, 1983, pp.423-432.

5. Drevinsky, P.J.; Caefer, C.E.; and Keavney, C.J).: Processing- and radiation-produced defects in
inP solar cells. Proc. of the 3" IEEE International Conference on Indium Phosphide and Related
Materials, Cardiff, Wales, April 8-11, 1991, pp. 56-59.

6. Walters, R.J. and Summers, G.P.: Deep level transient spectroscopy study of proton irradiated p-
type InP. J. Appl. Phys., vol. 69, 1991, pp. 6488-6494.

7. Levinson, M.; Benton, J.L.; Temkin, H.; and Kimerling, L.C.: Defect states in electron bombarded
n- InP. Appl. Phys. Lett., vol. 40, 1982, pp. 990-992.

8. Yamaguchi, M.; Ando, K.; Yamamoto, A.; and Uemura, C.: Injection-enhanced annealing of InP
solar-cell radiation damage. J. Appl Phys., vol. 58, 1985, pp. 568-574.

9. Koyama, J.; Shirafuji, J.; and Inuishi, Y. Annealing behaviour of gamma-ray-induced electron traps
in LEC n-InP. Electronics Letters, vol. 19, 1983, pp.609-10.

10. Walters, R.J.:A study of the annealing of radiation-induced defects in InP solar cells. Doctoral
dissertation, University of Maryland Baltimore County, May, 1994.

11. Walters, R.J.; Summers, G.P.; and Bruening, J.: A detailed study of the photo-injection annealing
of thermally diffused InP solar cells. Proc. of the 12™ Space Photovoltaic Research and
Technology Conference, NASA Lewis, Oct. 20-22, 1992, pp. 1-7.

12. Messenger, S.R.; Walters, R.J.; and Summers, G.P.: High temperature annealing of the minority
carrier traps in irradiated MOCVD n'p InP solar cell junctions. Same as ref. 11, pp. 8-15.

171



Table I DLTS defect parameters for 1 MeV electron irradiated n-InP diodes. The concentrations
shown are for a 1 MeV electron fluence of 10" cm™ and a DLTS rate window of 2 s™'.

Trap Activation Capture cross Concentration Introduction rate
energy (eV) section (x 107'* cm?) (x 10" ecm?) (cm™)

EN2 0.31 2.05 0.1 -

EN3 0.48 2.37 1.3 0.013

EN4 0.55 0.287 1.8 0.018

EB 0.76 15.6 14.5 0.22

Table I DLTS defect parameters for 3 MeV proton irradiated n-InP. The fluence was 3 x 10'2 cm2.
The introduction rates were calculated assuming a linear dependence. The concentrations are for a
rate window of 2/s. '

Trap Activation Capture cross Concentration Introduction rate
energy (eV) section (x 10"°cm? (x 10%%cm) {cm™)
II EN2 0.3 6.3 0.95 3.2
H EN3 0.43 9.5 3.2 11
EN4 0.62 131 1. 47
" EB 0.74 5 8.6 29
" HN1 0.34 1.69 1.6 5.3
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Table lll Recovery of PV parameters of n-InP solar cell under short circuit illuminations from 200K to
400K. IV curves measured at 86K. Irradiation was 3 x 10'2 3 MeV protons cm™.

rCondiﬁon l,. (MA) Ve (V) Prax (MW) FF Eff(%) “
[ Pre rad 21.88 1.270 29.90 0.9323 18.95
Post rad 17.71 1.229 17.82 0.8186 13.03
200K, 35 17.84 1.231 18.12 0.8257 13.26
d min.
300!:(, 30 18.03 1.230 18.29 0.8245 13.38
min.
300K, 1 wk. 18.52 1.230 18.75 0.8230 13.71
350K, 4 hr. 18.58 1.231 18.74 0.8192 13.71
400K, 1 hr. 18.76 1.230 19.14 0.8293 14.00
n 400K, 3hr. 18.99 1.239 19.44 0.8259 14,22

Table IV Cell recovery under illumination from 300K to 450K. IV curves measured at 298K. Irradiation
was 3 x 10'2 3 MeV protons cm?. "Post rad" data was taken after 35 min. illum. at 200K.

Condition . (mA) Ve V) P e (MW) FF Efi(%)
Pre rad 25.13 0.8549 18.22 0.8480 13.33
Post rad 19.55 0.7633 11.21 0.7513 8.201
| 300K 30 19.58 0.7645 11.28 0.7537 8.251
min.
300K, 1wk. |  20.03 0.7654 11,54 0.7528 8.443
350K, 15 20.57 0.7662 11.87 0.7533 8.682
min.
350K, 4 hr. 21.17 0.7731 12.40 07573 9.068
400K, 1 hr. 21.43 0.7761 12.61 0.7583 9.223
400K, 3 hr. 21.79 0.7806 12.95 0.7614 9.475
450K, 2 . 21.86 0.7875 13.10 0.7609 9580 |
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Table V Effect of illumination on the dark current parameters on n-InP solar cells irradiated with 3 MeV
protons to a fluence of 3 x 10'> cm® Parameters are from fits of the dark IV data.

" Condition loy (x 107'® A/cm?) lez (x 10° A/cm?d) R,, (x 10° Q)
" Pre rad 1.099 0.1717 4,390
Post rad 9.451 3.090 3.665
350K, 15 min. 8.645 3.057 3.452
350K, 1.75 hr, 8.507 2.736 3.149
350K, 4 hr. 7.229 2.766 2.678
{ 400K, 3 hr. 6.906 2.370 2.998
" 450K, 2 hr. 5.603 2.205 3.385
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Figure 1 A schematic drawing of the p'n InP/InP cells.
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DESIGN OF HIGH-EFFICIENCY, RADIATION-HARD, GalnP/GaAs SOLAR CELLS

Sarah R. Kurtz, K.A. Bertness, A.E. Kibbler, C. Kramer, and J.M. Olson
National Renewable Energy Laboratory
Golden, Colorado

SUMMARY

Record air mass zero efficiency values are reported for Gag.5Ing.5P/GaAs devices before and
after irradiation by 1015 cm2 1 MeV electrons. The two-terminal, two-junction devices are grown
monolithically with a high-conductance, GaAs tunnel-junction interconnect and an area of 0.25 cm2. A
device optimized for beginning-of-life (BOL) performance achieved BOL 25.7% (25.4%) efficiency, while
devices optimized for end-of-life (EOL) performance achieved EOL efficiencies of 19.6% (19.8% and
20.0%). (The efficiencies noted in parentheses were measured at NASA Lewis) The effects of the
thickness of the top cell and the doping level of the bottom cell were investigated in this study. A range of
top-cell thicknesses and bottom-cell doping levels gave respectably high (greater than 18%) EOL
efficiencies.

INTRODUCTION

In recent years, GagslinpsP/GaAs cells have drawn increased attention both because of their
high efficiencies and because they are well suited for space applications. They can be grown and
processed as two-junction devices with roughly twice the voltage and half the current of GaAs cells. They
have low temperature coefficients, and have good potential for radiation hardness. We have previously
reported the effects of electron irradiation on test cells which were not optimally designed for space.(ref.
1) From those results we estimated that an optimally designed cell could achieve 20% after irradiation
with 1015 cm= 1 MeV electrons. Modeling studies predicted that slightly higher efficiencies may be
achievable. (ref. 2) Record efficiencies for EOL performance of other types of cells are significantly lower.
Even the best Si{ref. 3) and InP(ref. 4) cells have BOL efficiencies lower than the EOL efficiency we report
here. Good GaAs cells have an EOL efficiency of 16%.(ref. 5) The InP/Gagslng.5As two-junction, two-
terminal device has a BOL efficiency as high as 22.2% (private communication from M. Wanlass), but
radiation results for these cells were limited. (ref. 6)

In this study we use the previous modeling and irradiation results to design a set of
Gag 5Ing.5P/GaAs cells that will demonstrate the importance of the design parameters and result in high-
efficiency devices. We report record AMO efficiencies: a BOL efficiency of 25.7% for a device optimized
for BOL performance and two of different designs with EOL efficiencies of 19.6% (at 1015 cm?2 1MeV
electrons). We vary the bottom-cell base doping and the top-cell thickness to show the effects of these
two important design parameters. We get an unexpected result indicating that the dopant added to the
bottom-cell base also increases the degradation of the top cell.

EXPERIMENTAL DETAILS

A schematic of the device structure is shown in Fig. 1. The devices were grown from trimethyl
gallium, trimethyl indium, trimethy! aluminum, arsine, and phosphine in a hydrogen carrier gas. The
dopant sources were diethyl zinc, hydrogen selenide, disilane, and carbon tetrachloride. Zinc and
selenium were the p- and n-tg/pe dopant sources unless otherwise noted. The bottom-cell base doping
levels were 1, 3, and 8 X 1016 cm™3, referred to hereafter as low, medium, and high, respectively. These
doping levels could not be measured directly on the finished devices, but are estimated from calibration
layers grown with similar diethyl zinc fluxes. Other details of the device structure and processing can be
found elsewhere.(ref. 7, 8)

1 Work funded by DOE contract No. DE-AC02-83CH10093
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Fig. 1. Device structure for the cell with high bottom-cell base doping, 0.65 pm-thick top cell and a BOL
efficiency of 25.7%. The total top-cell thickness of 0.65 um was varied by decreasing the thickness of the
top-cell base layer (layer with 1.5 X 1077 ¢m™3 doping). The BSF layers serve to passivate the back
surface of each individual cell and the TJ is a tunnel junction that makes an ohmic connection between
the top and bottom cell.

All of the devices were measured before and after irradiation on the fiber-optics, two-source
simulator in B. Sopori’s lab at NREL. The efficiencies were measured by adjusting the simulator to obtain
the correct currents on two (top and bottom) reference cells. The top- and bottom-cell photocurrents were
measured by shining a NIR or visible laser, respectively, on the device in addition to the simulator light.
The spectral responses of the top and bottom cells were measured using red and blue bias lights,
respectively. The record efficiencies reported in Table | were measured by K. Emery and coworkers at
NREL, then sent to NASA Lewis for confirmation. In most cases the efficiencies agree within 2%
(relative). All of the cells are small: 5 mm X 5 mm. The cells are close to champion quality except that
the anti-reflection (AR) coats were not well controlled and some variation was observed in the window
layer of the top cell. EOL efficiencies of more than 20% would have been achieved if the AR coats had
been optimal. The electron irradiation was done at JPL by Bruce Anspaugh and his staff.

RESULTS

A summary of the highest efficiency measurements is shown in Table I. A complete summary of
all of the measured efficiencies, before and after irradiation, is shown in Fig. 2. Most of the data points in
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Table I. Summary of measurements on highest efficiency devices. All measurements were completed
using the AMO spectrum and a cell temperature of 25°C.

Cell design Irradiation |Measurement| Vec Jsc FF Efficiency
Base doping Top-cell thickness (elec/cm?) place (V) (mAcm2) (%) (%)
high 0.65 pm None NREL 2.393 16.55 88.7 25.7
None NASA 2.398 16.39 88.2 25.4
medium 0.45 pm 1015 NREL 2.221 14.53 82.9 19.6
1013 NASA 2.226 14.58 83.3 19.8
ow 0.55um 101° NREL 2.198 14.72 83.0 19.6
1015 NASA 2.198 14.90 83.4 20.0
26 | I | |
base doping
24 - -o- low -
- medium
< 22| |- high BOL _|
g 2
= OF > - .«
;2
T 18 - ~ —
A
”
16 |- - —
e EOL
jal % l | |

0.2 0.3 0.4 0.5 0.6 0.7
Top-cell thickness (um)

Fig. 2. The AMO efficiencies of the devices before and after irradiation, as measured at NREL on the
Sopori simulator.

Figs. 2—-4 represent the averaged values for four 5 mm X 5 mm devices. Data is not included for a few
cells that were badly shunted or damaged. The bottom-cell base doping had little effect on the BOL
efficiency. The top-cell thickness has a very large effect on the efficiency because the thinner top cells
generate less photocurrent and the device is limited by this smaller photocurrent. After irradiation, the
cells with lower bottom-cell base doping tend to show higher efficiencies. The optimal top-cell thickness
decreases after irradiation. This is because the current of the thick bottom cell usually degrades more
than the current of the thin top cell. Fig. 2 shows that respectably high efficiencies (greater than 18%) are
obtained for top-cell thicknesses between 0.45 and 0.65 um when the bottom-cell base doping is not too
high.

The degradation of the photocurrents is shown in Figs. 3 and 4. The as-grown top-cell
photocurrents show a very strong dependence on thickness, as expected. The device with top-cell
thickness of 0.55 pm has a lower photocurrent primarily because of a poor biue response, implying that
some oxygen or carbon may have contaminated the window layer. After irradiation, the top-cell
photocurrent shows a very significant dependence on bottom-celi base doping. This effect will be
discussed below in more detail. The bottom-cell photocurrent decreases with top-cell thickness since a
thinner top cell allows more light to penetrate to the bottom-cell junction. The larger decrease in
photocurrent with higher base doping was expected from previous studies that showed the damage
coefficient to increase with doping. The degradations of the Voc and the FF ranged from 6%-9% and
2%-—4%, respectively. The Voc showed a slightly greater degradation (8%—9%} for the cells with the low
bottom-cell base doping compared with those with high doping (6%—7%). This difference is not great
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enough to compensate for the opposite trend in bottom-cell photocurrent degradation (10%—-11%
degradation for the lightly doped and 21%—23% for the highly doped celis).

In order to better understand the degradation of the photocurrents we plot the spectral response
of the bottom and top cells in Figs. 5 and 6. The primary loss mechanism in both cases is a decreased
minority-carrier diffusion length. The increase in damage coefficient with base doping for the GaAs
bottom cells was reported previously.(ref. 1, 9) Similar changes in the degradation of the spectral
response curve as a function of base doping have also been reported for InP n-on-p cells.(ref. 4) The
increased radiation hardness of the Gag singsP top cell for low bottom-cell base doping is unexpected
because no deliberate change was made in the top-cell doping. The similarities between the degradation
of the top- and bottom-cell spectral responses imply that a memory or diffusion effect caused an
unintentional change in the top-cell base doping. We are currently trying to confirm this hypothesis by
using secondary mass ion spectroscopy to quantify the zinc levels in the top cells.

18 I | | I
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Fig. 3 Top-cell photocurrent before and after irradiation.
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Fig. 4 Bottom-cell photocurrent before and after irradiation.
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The results of this study are very consistent with our previous study(ref. 1) in which we predicted
an EOL efficiency of 20% for an EOL optimized device. However, our previous study differed in one
significant way: the photocurrent for a 0.75 pm-thick top cell degraded by only 2%, compared with 11% for
the 0.65 pm-thick top cell with low bottom-cell base doping in this study. The results of both studies
together may imply that the base doping of the 0.75 um top cell was lower than that used in this study.
Thus, if we had used a lower top-celi base doping in this study, we should have seen improved radiation
resistance of the top cell, and, hence, of the tandem cell. A decreased doping of the top cell might
increase the degradation of the Voc. However, this is a small effect, and can be viewed as negligible
since our previous study (with apparent low top-cell base doping) gave almost identical degradation of the
Voc compared with this report. Thus, we conclude that the device can be even further optimized for EOL

efficiency.

1.0 l I | I
BO Bottom-cell
08| base doping | —
3 — low
5 - - - medium
S 0.6 — - high -
o
©
B 0.4 —
<))
Q.
? 0.2 —
0.0 ' '

14 16 1.8 20 22 24
Photon energy (eV)

Fig. 5. The bottom-cell spectral response of tandem cells with 0.65 pm-thick top cells before and after
irradiation.
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Fig. 6. The top-cell spectral response of tandem cells with 0.65 um-thick top cells before and after
irradiation. The small variations in the blue response may be caused by contaminates in the window layer
of the top cell.
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INVESTIGATION OF THE STABILITY AND 1.0 MeV PROTON RADIATION RESISTANCE
OF COMMERCIALLY PRODUCED HYDROGENATED AMORPHOUS
SILICON ALLOY SOLAR CELLS!

Kenneth R. Lord ll, Michael R. Walters,
and James R. Woodyard
Wayne State University

Detroit, Michigan

ABSTRACT

The radiation resistance of commercial solar cells fabricated from hydrogenated amorphous silicon
alloys is reported. A number of different device sguctures were iradiated with 1.0 MeV protons. The cells were
insensitive to proton fluences below 1E12 cm™ The parameters of the irradiated cells were restored with
annealing at 200 °C. The annealing time was depende‘pt on proton fluence. Anne‘aling devices for one hour
restores cell parameters for fluences below 1E14 cm™ fluences above 1E14 cm” require longer annealing
times. A parametric fiting model was used to characterize current mechanisms observed in dark |-V
measurements. The current mechanisms were explored with irradiation fluence, and voltage and light soaking
times. The thermal generation current density and quality factor increased with proton fluence. Device
simulation shows the degradation In cell characteristics may be explained by the reduction of the electric field
in the intrinsic layer.

INTRODUCTION

The goal of our research is to develop a model to predict EOL performance of thin-film solar cells in
space environments. In order to achieve the goal we have irradiated and characterized a number of different
thin-film solar cell device structures fabricated from hydrogenated amorphous silicon alloys (refs. 1-5). The
radiation resistance of single, dyfl and triple junction cells has been determined for 1.0 MeV proton fluences
in the 1E11 through 1E15 cm ™ range. Both substrate and superstrate cell structures obtained from three
companies producing commercial modules have been investigated. The p--n layers in the cells are made up
of hydrogenated amorphous silicon alloys deposited using plasma enhanced chemical vapor deposition; the
details of cell structures have
been reported in references
one through five. Cells were .
characterized using fight IV, Effect of 1.0 MeV Proton Irradiation on Solar Celils
dark |-V and quantum ef- 1.00
ficiency measurements.

Six cell structures have
been investigated by our group.
The results of 1.0 MeV proton
irradiation on cell normalized
power density are shown in
Figure 1. Measurements on
single and triple-junction cells
with superstrate structures are
shown. The triple-junction
cells had two band gaps. The 0.00 , .
diﬁ:’s:fs"h: t&ﬁtr‘:ﬁgng‘::: 1E11 1E12 1E13 1E14 1E15
band gap; the i-layer of the Proton Fluence (cm?)
bottom junction was a-Si,Ge:H
with a lower band gap than the  Figure 1: Plot comparing the effect of 1.0 MeV proton irradiation on the
top two junctions. Tandem and normalized power density of a-Si:H alloy based solar cells.

™
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' Portions of this work were supported by NASA, the Spacecraft Technology Division of TRW. and the
Wayne State University Institute for Manufacturing Research.
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single-junction cells with substrate structures are also shown in Figure 1; tandems with single and dual gaps
were investigated as well as single-junction cells with a-Si:H and a-Si,Ge:H i-layers. The cell efficiencies ranged
between seven and eight percent under AM1.5 global irradiance; the radiation resistance of the cells has been
reported in prior papers published by our group (refs. 1-5). Figure 1 shows 1.0 MeV proton irradiation degjades
the normalized power dengfgy of all the cells by less than a few percent for fluences less than 1E12cm “ For
fluences above 1E15 cm © the cell power degrades to le_as than 10% of the initial power. Reductions in the
normalized power density in the 1E12 through 1E14 cm “ proton fluence range depends on cell structure.
Cells with triple junctions have the best radiation resistance, dual-junction cells are next and single-junction cells
have the lowest radiation resis-
tance. Single-junction cells = : :
with a-Si,Ge:H i-layers have Irradiation Data for Single-Junction a-Si:H Cells
better radiation resistance than 10.00

celis with a-Si:H i-layers; it is ) AL AL
not clear whether the effect is
due to the role of germanium
in these cells or the dif-
ferences in the thicknesses of
the i-Hlayers. The i-layers of the
a-Si,Ge:H single-junction cells
are thinner than the i-layers of
the a-Si:H cells.

The effect of post-irra
diation annealing at 200 °C on
the normalized power density
of twenty-one solar cells fabri- 000 b— vt v ainn
cated from hydrogenated 1E12 1E13 1E14 1E15 1E16
amorphous silicon alloys is 2
illustrated in Figure 2. The Proton Fluence (cm™)
data are for single-junction gigyre 2: Power densities of twenty-one cells a-Si:H single-junction cells
cells with a superstrate struc-  maa6ured after 1.022 MeV proton ifradiation and following a post-

ture and 500 nm ilayer thick-  jrradiation anneal at 200 °C for two hours.
ness. Three cells were irradi-

ated at each fluence; the
power densities following irra-

8.00

YTy

6.00 |

4.00 +

'O Post- irradlation
2.00 ¥ Post-rradiation anneal
(v = Averages

1.022 MeV Protons

Power Density (mW/cm?)

diation are shown . . .

squares. The ave?::‘eepgﬁ? Anneal Data for Single-Junction a-Si:H Cells
density of three irradiated cells 10.00 AP P
at each fluence is shown by | & [ ]
the filled squares. The power E 8.00 [ 1022 MeV Protons b
densities following a two-hour S T f ]
anneal at 200 °C are shown by £ [ ]
the open triangles with the av- ~ 8.00 | 3
erages represented by the fill- E‘ [ )
ed triangles. Annealing the g 4.00 | Annealing conditions: 2hrs. at 200 oC ]
::‘:Llrs" 'a(:i:v_ :39 m:," fe:t%rg thef 8 ’ i ®  Pre-irradlation and foliowing first anneal :
cells irradiatzg \::th ?.O Mec\)l § 2.00 *_l Post-rradiation and following second anneal
proggn fluences less than 1E14 8 ) [ 4  Post-irradiation and following third anneal 1
cm, fluences above 1E14 0.00 L " L y

om ire | " ) R i e iaaas REETI
imes 1o teslore. ?mgee;g:'r:'\gfii':g 1E12 1E13 1E14 1E15 1E16
power density. This is shown Proton Fluence (cm?)

by the datain Figure 3. The

average power density of the Figure 3: Average power densities following the first pre-irradiation
three single-junction cells irra-  a@nneal, and the second and third post-irradiation anneals of single-
diated with a fluence of 1.5E15 junction cells irradiated with 1.022 MeV protons.
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cm'2 recovers to 6.2 and 7.0 mWIcm2 with 2.0 and 4.0 hours annealing, respectively. The details of the time
dependence of annealing have been reported in reference 6. In general, the higher the fluence for MeV
protons, the longer the annealing time to restore the normalized power density. 2

The cross-over of the dual and triple-junction curves in Figure 1 at a fluence of 1E14 cm ™ is believed
to be due the difference in the irradiances of the simulators used to measure the light |-V characteristics of the
cells. The duakjunction cells were measured with a simulator which was optimized to match an AM1 .5 global
spectrum. T he triple-junction cells were measured with our simulator which is an ORC model SS1000. The
spectral iradiance of the ORC simulator contains xenon lines above 800 nm and is deficient in the red. The
thicknesses of the i-layers in the triple-junction cells were matched to an AM1.5 global spectrum. The
mismatch between the ORC simulator spectrum and the triple-junction cells probably resulted in the bottom
junction kmiting the cell current. We have modified the ORC simulator by adding a cold mirror and tungsten-
halogen lamp (ref. 7). We plan to repeat the triple-junction measurements with the dual-source simulator to
determine the reason for the cross-over of the dual-and triple-junction curves in Figure 1.

The investigations summarized in Figure 1 must be extended to a range of proton and electron
energies. Itis our expectation that the measurements will provide the basic parameters for the development
of a predictive model for determining the EOL performance of cells fabricated from hydrogenated amorphous
silicon based alloys in a variety of space environments. We plan to apply the techniques learned from our
investigations with hydrogenated amorphous silicon based alloys to other thin-film solar cells of interest for
space-power generation.

PARAMETRIC FITTING MODEL

The first step in developing a predictive model for EOL performance is the determination of parameters
from measurements which can be related to basic material properties of solar cells. We have elected to
develop a parametric fitting model to characterize current mechanisms in single-junction cells. Single-junction
cells were chosen because triple-junction cells are far more complex in structure. Dark I-V characteristics were
selected for the initial modelling investigations because they showed the largest changes in parameters with
1.0 MeV proton irradiation.

Determination of solar cell parameters from measured dark I-V characteristics requires curve fitting
a parametric model to measured dark |-V characteristics. The objective of curve fitting is to minimize the
differences between measured and calculated dark IV characteristics. The parametric model which we
developed includes current mechanisms which are characterized by a sum of analytical functions with
parameters. The parameters in the analytical functions are referred to as fitting parameters; they are varied
to fit a calculated |-V characteristic to a measured dark I-V characteristic. The model was used for analysis of
dark |-V characteristics in the forward-bias region. The parametric model used for curve fitting is:

(]

i} V-IxR,), . (V-IxR,,) . _ m
! I[exp(——-——nk_r )-1] R a(V-IxR,,)

sh

where I, = thermal generation current Rge = series resistance
V = applied bias voltage Rgp = shunt resistance
q = electronic charge a,m = constants
n = quality factor k = Boltzmann constant

T =temperature

The parameters in the equation may be related to physical mechanisms which are responsible for carrier
transport in a solar cell. Each mechanism requires one or two fitting parameters. The four mechanisms used
in the forward-bias region of the dark I-V curve-fitting investigations are:

1. Injection current represented by the first term in the equation. The first term is the result of the simple diode
equation. The model does not differentiate between injection and recombination current. It may be
inappropriate to apply this expression to a p-i-n device, butitis useful for characterizing irradiation effects.
The injection current parameters are |, and n.

2. Shunt current represented by the parameter R, in the second term.
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3. Electric field and depletion effects in the intrinsic layer represented by the parameters a and m in the last
term.

4. Series resistance represented by Ry, in all three terms.

The results of curve fitting
the dark |-V characteristic of a
single junction cell in the
forward-bias region is shown A EE 44 ' N T
in Figure 4; the cell has a 500 1E-2 '0: 1.5E-11 A R’_: %725 serie
nm thick intrinsic layer. The n =174 o .
dark |-V characteristic was 1E-4 | Rgh = 800 KQ m=25
measured following the first
two-hour anneal at 200 °C
following receipt of the cell U 4 v
from the fabricator. Curve -
fitting was carried out using 1E8  — ~depletion // §
Matiab software which em- - - T
ploys a Nelder-Meade simplex 1810 __ _— —jpjection B Measured .
search subroutine. The mea- - A Calculated -
sured |-V values and calcu- 1E42 L . RN
lated results are represented 0.10 1.00
by filled squares and open
triangles, respectively. The Voltage (V)

symbols for the caiculated = - - - " - -
values are plotted over the Figure 4: Typical curve fitting results for a single-junction cell showing the

measured values, and be- contributions of each of the four current mechanisms in a dark I-V

cause the fitis good, the filled characteristic.

squares are barely discern-

able. The contributions of each of the four current mechanisms are plotted and identified with labels in Figure
4. The voltage ranges where the four mechanisms dominate in a major way are shown in Table |.

Parametric Fit to a Single-Junction Cell I-V Characteristic

1E6 |

--------

Current (A)

Table |
Voltage Range Dominant Mecha- Corresponding Parame-
nism ters
0-0.2 shunt Rgh
0.20-0.60 depletion a,m
0.60-1.00 injection o
L__near100 |  seris R

A parametric study was carried out using seven single-junction cells with 500 nm i-layers.
The cells were annealed for two hours at 200 °C following delivery. lo was in the 1.5E-11 to 2.0 E-11 A range.
The quality factor, n, ranged from 1.73 to 1.77 g’he series resistance, Rge varied from 25 to 37 Q. The
parameter, a, ranged from 1.0 to 1.4 E-5 AN7 " m remained constant at 2.5. Agreement between the
parametric model and measured I-V characteristic for the cells was <4% for the shunt and injection regions,
and <8% in the depletion region.

The dark |-V characteristics of a-Si:H single-junction cells have been investigated to determine the effects
of proton irradiation on cell behavior; the ceils had 500 nm thick intrinsic layers. The parametric model was
used to quantify changes in dark |-V characteristics resulting from 1.00 MeV proton irradiqg‘on. The cells
studied were irradiated with 1.00 MeV proton fluences between 1.46E12 and 1.46E15 cm™ There were
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twenty-one cells in the group,
with three cells irradiated at
each of the filuences. One cell

was chosen for the parametric 182 ————1 s
study from each of the

fluences studied; the cell with i ® 148E13cm?

lowest shunt current in the | _ " 510 E13cm?

group of three cells was se- | < 1E-4 - 4 148E14cm?

lected in order to determine | ¢ v 1.486 E18cm?

fitting parameters with the best g 3

accuracy. Figure 5 shows the 35

effect of 1.00 MeV proton flu- | © 1E-8 |

ences on the measured dark I-

V characteristics for four of the =

seven fluences investigated.

The figure shows increasing 1E-8 sl —

proton fluences result in lower
currents in the 0.60 to 1.00 V
range, the range associated
with the injection current; it also
shows the current in the 0.050
to 0.20 V range is lower for
higher fluences; the current in

this range is due primarily to the sh
Significant changes occurred in
Figure 6 shows J, following annea

anneal 1 is shown by open
circles positioned on the graph
at fluences the cells were to
be irradiated. Following irrad-

Effect of 1.0 MeV Protons on Dark |-V Characteristics

0.10
Voltage (V)

1.00

Figure 5: Plot of measured dark |-V characteristics for single-junction
cells irradiated at various proton fluences.

unt current mechanism.
the thermal generation current density, J, with irradiation and annealing.
| 1, the first anneal after receiving the cells and pre-irradiation. J,, following

Effect of Proton Irradiation on Jo

iation J, increased by a factor 1E-2 A LA A A

of twp for a fluence of 1.5E12 E O After anneal 1

cm ™ and more than four or- 1E-3 f @ Afterirradiation

ders of magnitude for a flu- | _ f O Afteranneal 2

ence of 1.5E15 cm ™~ After | g 1E4 4  After anneal 3

annealing for two hours at 200 o F 1.022 MeV protons

°C, labeled anneal 2 on Figure % 1E-5

6, J,was restored to near pre- | < 3

irradiated values for fluences | _01E-8 i

less than 1.5E14 cm 2. A third [

anneal further restored J,, for 1E-7 !

the two highly irradiated cells. 3

Jo, is much more sensitive to 1Eg L seend o aaaaal el
irradiation than power density. 1E12 1E13 1E14 1E15 1E16

Figure 2 shows only a few

percent change in power den-

ity at a fluence of 1.5E12 cm

while Figure 6 shows a fac-
tor of two change in J,

Changes in quality factor,

n, were also observed. Figure

Proton Fluence (cm)

Figure 6: Plot showing the effect of proton irradiation at various fluences
and subsequent annealing on reverse saturation current density, J,
obtained from parametric fitting.

7 is a graph of fitted n values for pre-irradiation, post- irradiation and post-annealing conditions. For the same
fluence range, n increased from 1.84 to 23.9 with irradiation. Subsequent anneals restored n to near pre-
irradiated values as shown by the overlaid plots for these data; the open symbols essentially coincide for
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anneals one, two and three.
These results are consistent
with the literature which shows

Effect of Proton Irradiation on Quality Factor

Jo and n increase as the qual- 25.00 T Ty
ity of device material de- L 1.022 MeV protons
grades; degradation in the ma- | i
terial is believed to be due to c 2000 2 ::" anneal 1
s - er irradiation

an increase in defect density. s O After anneal 2

Reedoesnotappeartobe | & 1500 - L, .. - o .
significantly influenced by ira- | &
diation. One exception was
noted. Rg, for one cell in- % 10.00 ’
creased from 28 to 53 Q fol- 3
lowing irradiation; it was re- o 5.00 .
stored to 32 () with annealing.
The reasons for the Iarge A aaaanl et a2 aaaal i a xaaad PP W

change in Ry, for this cell are 0.00
not understood. It is important 1E12 1E13 1E14 12515
to note that as the injection Proton Fluence (cm)

z:‘;;es?,:g d?‘f,?:::s R‘::te h bi:: Figure 7: Plot showing the effect of proton irradiation at various fluences

comes less of a factor in the |- 2nd subsequent annealing on quality factor, n, obtained from parametric

V characteristic and paramet-  ting.

ric fitting of Ry, becomes more

difficult. :

The depletion current fitting parameters, a & m, behave differently with fluence. « is influenced by
iradiation, while m does n:’tvgy)ear to change wit 'gradiaﬁon. a decreases from its annealed pre-irradiated
valup, approximately 1E-5 ~ to about 7E-7 AV with the largest fluence. It recovers to the 3E-6 to SE-6

" range with annealing. We think it is significant that a does not recover to the annealed pre-irradiated
value. m appears to remain constant at 2.5 with irradiation and annealing.

Ry, of the cells appears to increase with iradiation and decrease with annealing. Pre-irradiation Rgp, values
range between about 300 and 800 k(2, and increase to about 2000 k) with irradiation. R, decreases with
annealing to values which range between 300 to 900 k(). Rgp, exhibits a switching behavior. Ry, of the twenty-
one iradiated cells was determined under three conditions: pre-irradiation, post-irradiation, and post-irradiation
annealing. The behavior of Ry, from the analysis of the cells was similar to above results. Rgn, was calculated
using the current at a forward bias of 0.050 V; the procedure assumes R, dominates the current. The average
Rgn prior to iradiation was 417 kQ). Of the twenty-one cells, sixteen exhibited an increase in Rgp, after 1.00 MeV
proton irradiation. Cells irradiated with the same fluences did not exhibit the same changes in Rgn and the
reasons for this are not understood. The average Rgp increased to approximately 590 k(2 following irradiation.
After annealing, seventeen of the twenty-one cells exhibited a decrease in Rq, The average R, following
post-iradiation annealing was about 300 kQQ. The analysis of twenty-one irradiated cells confirms the trend that
Ry, Is increased by irradiation and decreases with post-irradiation annealing. '

We plan to pursue device simulation studies in an effort to explain the role of irradiation, in terms of
fundamental material properties, on the parameters resulting from the fitting model.

1E16

INSTABILITY STUDIES

Triple-tandem cells cut from a module had fill-factors ranging from 0.37 to 0.68 under as-received or virgin
conditions. Figure 8 shows light IV characteristics for a cell under two conditions: the filled circles are for virgin
conditions and result in a fill-factor of 0.37. The virgin cell is characteristic of one of the poorer as-received
cells. Note the current has an unexpected structure between 1.50 and 2.00 V: the structure is concave down
instead of concave up as would be expected. Following a two hour anneal at 200 °C, a light I-V measurement
produced the open squares in Figure 8; the corresponding fill-factor is 0.66. After annealing the cell, the light
I-V characteristic was similar to one of the better as-received cells. The fabricator of the triple tandem cells
indicated the module was annealed for one hour in air at 100 °C following fabrication; the annealing procedure
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is employed by the fabricator
as one of the steps in the fabri-
cation of modules. ’

It is difficult to investigate
current mechanisms in triple-
junction cells because of their
complex structure. For this
reason, single-junction cells
were investigated in an effort to
determine if the behavior ob-
served in Figure 8 is also char-
acteristic of single-junction
cells. Figure 9 shows light |-V
measurements for a single-
junction cell under light soaked
and annealed conditions. The
filled squares correspond to
light I-V measurements for the
cell annealed at 200 °C for two
hours. |-V measurements fol-
lowing 32 hours of room tem-
perature light soaking are rep-
resented by open circles. An-
nealing the ceil following light
soaking resulted in |-V mea-
surements which are the
same as before annealing. A
comparison of Figures 8 and 9
shows there is similar struc-
ture in the light |-V characteris-
tics, suggesting the current
mechanisms resulting in the
initially poor performance of
this particular triple-junction
cell may be elucidated with
investigations of single-junc-
tion cells.

The effect of light soaking
on the forward-bias dark |-V
characteristic for a single-junc-
tion cell is shown in Figure 10
by open circles. The cell ex-
hibits a switching effect in the
region of the |-V characteristic
where shunt current is the
dominant current mechanism.

Light I-V Characteristics for a Triple-Junction Cell

4.0 Y T T T T !
30} ¢ Virgin
O Annealed two hours at 200 °C

2.0
1.0
0.0
-1.0
-2.0
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Voltage (V)
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Figure 8: Light I-V characteristic for a triple-junction cell measured under
virgin and annealed conditions.

Light I-V Characteristics of a Single-Junction Cell
30.0 — ——————

25.0 F o Light soaked 32 hours
200 -® Annealed for 2 hours at 200 °C

-
(1)
h
o
T

A0 b L
-0.500 0.000 0.500 1.000

Voltage (V)

Figure 9: Light I-V characteristics of a single-junction cell under light
soaked and annealed conditions.

The switching effect has been observed in several cells; it occurs under both forward and reverse-bias
conditions. An analysis of several cells shows the switching effect increases in frequency with light and forward-
bias voltage soaking. It decreases with annealing and reverse-bias voltage soaking. The filled squares in
Figure 10 represent a dark |-V characteristic measured following the application of a -2.00 V reverse-bias
voltage for five minutes; this characteristic also corresponds to annealing at 200 °C for two hours. The figure
clearly demonstrates the role the history of the cell plays in I-V characteristics.

Close inspection of dark |-V characteristics suggested the characteristics exhibited a time dependence.
The role of time was investigated by including a delay time in the computer program. Measurements were
taken with one and ten minute delays between the source-bias voltage steps. Time-dependent switching was
observed in the reverse-bias voltage region of the dark I-V characteristics where the current switched from
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shunt dominated to a current

mechanism with a slope be- - -
b two and Iwo and one- Dark |-V Characteristics of a Single-Junction Celi

half. Switching occurred at 10 T T
lower reverse-bias voltages as 2L o :

the delay time was increased, 10 Light soaked 32 hours

and the reverse-bias current __10° | ¥ Reverse biased at -2.00 V N
was higher; the current mecha- <L 404 | '
nism is not understood. IV -

characteristics exhibited an- § 10 +

other ime dependence, as the S 104 +

voltage was scanned from the Q

reverse-blas to the forward- 107 +

bias region, the current de- 10 |

creased with increasing delay

times. The observation sug- 10

gests charge stored in a cell 0.010

during reverse bias contributes Voltage (V)

to the current in the forward-
bias region; however, the Figure 10: Dark |-V characteristics of a single-junction cell following light
mechanism has not yet been soaking and reverse-bias voltage soaking.

fully characterized.

DEVICE SIMULATION

We have carmied out device simulations with EPRI AMPS (ref. 8) in order to produce |-V characteristics.
The simulated I-V characteristics may be compared with measured characteristics in an effort to determine
fundamental material parameters. Changes were made in the material parameters for a simulation in order
to produce an |-V characteristic similar to one obtained by measurement. Simulations were carried out and
compared to |-V characteristics measured following irradiation of cells. The comparison provides information
on the role of irradiation on fundamental material parameters. An understanding of the role of irradiation on
the fundamental material parameters is necessary in order to develop a model for predicting EOL cell per-
formance in a given space radiation environment. The work reported in this section represents our first efforts
to use EPRI AMPS simulations to understand the effects of 1.0 MeV proton irradiation on hydrogenated
amorphous silicon alloy based solar celis.

EPRI AMPS was used to simulate a PIN device structure using various i-layer thicknesses and sub-
band-gap density of state, DOS, functions. Devices were simulated with i-layer thicknesses of 200, 500, and
800 nm; 20 nm thick n°-layers and p’-layers were used. Gaussian and U-shaped DOS functions were used
in the simulations. Characteristics of devices were simulated with midgap DOS values of SE15, SE16, S5E17,
and SE18 cm® eV'. The effective DOS at the conduction and valence band edges was 1E19 cm™. Devices
were simulated under thermodynamic equilibrium conditions as well as light and voltage bias conditions. Light
and dark |-V's and electric field distributions have been generated in these preliminary simulations.

The electric field is shown in Figure 11 for thermodynamic equilibrium conditions . The figure shows
the spatial distribution of the electric field in a p*-i-n* cell for a U-shaped DOS function with minimum DOS
values of SE15, SE17, and SE18 cm™ eV"'. For reference purposes, the cell layers are shown at the bottom
of Figure 11. The n*-layer extends from 0 to 20 nm, the i-layer from 20 to 520 nm, and the p* -layer from 520
to 540 nm. The electric field decreases in the middle of the i-layer as the DOS is increased. The results
suggest the reason for the decrease in cell power density with increasing 1.0 MeV proton fluence is the
generation of defects in the Hayer. Defects in the EPRI AMPS model are represented by electron energy states
in the sub-band-gap region. The effect of the defects is to trap charge carriers which increases the space-
charge density. The increased space charge density in the i-layer reduces the electric field distribution which
in tum reduces the collection of carriers. We plan to pursue the EPRI AMPS simulation in order to obtain the
fundamental material parameters for the development of a predictive model.
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CONCLUSIONS

The effect of 1.0 MeV
proton irradiation is to degrade 1ES
the normalized power density
of cells with six different struc-
tures by less than a few per-
cent for fBJences less than

AMPS Simulated Electric Field for a Single-Junction Cell

LA A LI A S |

1E12 cm Eor fluences
above 1E15 cm ~ cell power
degrades to less than 10% of
the initial power. Reductions in
the normalized power densit
in the 1E12 through 1E14 cm
proton fluence range depends A
on cell structure. Cells with

triple junctions have the best 20_0 300 400 500
radiation resistance, dual-junc- Distance (nm)

tion cells are next, and single-
junction cells have the lowest Figure 11: AMPS simulated thermodynamic equilibrium electric field for a
radiation resistance. Single- 500 nm thick I-layer PIN device with 5E15, 5E17, 5E18 cm™ eV"" midgap
junction cells with a-Si,Ge:Hi- DOS.

layers have better radiation

resistance than cells with a-

Si:H i-layers. A parametric fitting model was employed to determine the effect on 1.0 MeV proto_Q irradiation
on cell parameters. Following irradiation J, increased by a fagtor of two for a fluence of 1.5E12 cm ~ and more
than four orders of magnitude for a fluence of 1.5E15 cm After anneali_(}g for two hours at 200°C, J,was
restored to near pre-irradiated values for fluences greater than 1.5E14 cm < A third anneal further restored
Jo, for the two highly irradiated cells. J, was found to be more sensitive to irradiation than power density.
Changes in the quality factor, n, were also observed with irradiation. The quality factor increased from 1.84 to
23.9 with irradiation; annealing at 200 °C restored n to near pre-irradiated values. The investigations show
there is similar structure in the light I-V characteristics of triple and single-junction cells suggesting the current
mechanisms resulting in the initially poor performance of a triple-junction cell may be elucidated with
investigations of single-junction cells. Investigations of dark |-V characteristics show there is a switching effect
in the region of the |-V characteristic where shunt currentis the dominant current mechanism. The switching
effect has been observed in several cells; it occurs under both forward and reverse-bias conditions. An analysis
of several cells shows the switching effect increases in frequency with light and forward-bias voltage soaking;
it was observed to decrease with annealing and reverse-bias voltage soaking. Time-dependent switching was
observed in the reverse-bias voltage region of the dark |-V characteristics where the current switched from
shunt dominated to a current mechanism with a siope between two and two and one-half. Switching occurred
at lower reverse-bias voltages as the delay time was increased, and the reverse-bias current was higher; the
current mechanism is not understood. Device simulation studies were carried to determine the role of the sub-
band-gap density of electron states on the electric field distribution in the p*-i-n* ;layers. The electric field
decreased in the middle of the i-layer as the density of states was increased. The results suggest the reason
for the decreasa in cell power density with increasing 1.0 MeV proton fluence is the generation of defects in the
i-layer. The effect of the defects is to trap charge carriers which increases the space-charge density. The
increased space charge density in the i-layer reduces the electric field distribution which in turn reduces the
collection of carriers.

1E3

Electric Field (V cm™)

|Hayer

1E8
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SUMMARY

it has been found useful in the past to use the concept of “equivalent fluence” to compare the
radiation response of different solar cell technologies. Results are usually given in terms of an equivalent
1 MeV electron or an equivalent 10 MeV proton fluence. To specify cell response in a complex space-
radiation environment in terms of an equivalent fluence, it is necessary to measure damage coefficients
for a number of representative electron and proton energies. However, at the last Photovoltaic Specialist
Conference (ref.1) we showed that nonionizing energy loss (NIEL) could be used to correlate damage
coefficients for protons, using measurements for GaAs as an example (ref.2). This correlation means that
damage coefficients for all proton energies except near threshold can be predicted from a measurement
made at one particular energy. NIEL is the exact equivalent for displacement damage of linear energy
transfer (LET) for ionization energy loss. The use of NIEL in this way leads naturally to the concept of 10
MeV equivalent proton fluence. The situation for electron damage is more complex, however. In this
paper it is shown that the concept of displacement damage dose gives a more general way of unifying
damage coefficients. It follows that 1 MeV electron equivalent fluence is a special case of a more general
quantity for unifying electron damage coeffcients which we call the effective1 MeV electron equivalent
dose.

INTRODUCTION

The most common way of specifying radiation environments for solar cells is in terms of their
response to a fluence of 1 MeV electrons. The Solar Cell Radiation Handbook (ref.3) for example is full of
such tables and figures showing the degradation of key photovoltaic parameters in a variety of space
orbits. Although the effect of an electron or a proton fluence is the way displacement damage is generally
determined, the absorbed dose is the parameter used to describe ionization effects in biological and
microelectronic systems. Absorbed dose, which measures the energy deposited per unit mass as a result
of ionization, was found to be so useful in comparing the etfect of different radiations that a special unit
was introduced to measure it. The original unit was the rad, but this has been superseded by the Gray (1
J/kg). Presumably the reason for determining displacement damage in terms of fluence originated in the
way dosimetry is performed at particle accelerators. Conversely x-ray and y-ray dosimetry is performed
using techniques such as thermoluminescent emission, the magnitude of which is determined by the
absorbed energy or dose. Unlike absorbed dose, fluence cannot be used to correlate the eiffect of
different radiations. However, the product of fluence and NIEL gives the displacement damage
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equivalent of absorbed dose, which we will show gives a sound physical basis for correlating both electron
and proton displacement damage coefficients. The concept of equivalent fluence then follows in a
straightforward way under centain conditions. In other cases it is necessary to introduce the concept of an
effective 1 MeV electron equivalent dose in order to correlate electron damage coefficients.

DAMAGE CORRELATIONS USING ABSORBED DOSE
1. PROTONS

Figure 1 shows experimentally measured curves of the normalized power degradation for p/n
GaAs solar cells produced by increasing fluences of incident monoenergetic protons with energies of 0.5,
1.0, 3.0, and 9.5 MeV. The data points plotted in figure 1 are taken from the original line figure given by
Anspaugh in reference 2 and the lines are shown only to guide the eye. The displacement damage dose
for each data point was then calculated from the product of the NIEL in GaAs S(E) and the respective
fluence ¢(E) for the particular proton energy E, using the NIEL values given in reference 4. The data were
replotted as shown in figure 2, where the abscissa is now the absorbed displacement dose given in units
of MeV/g. As can be seen the data for all proton energies when plotted in this way collapse on to a single,
universal line. This line, which represents the complete response of GaAs cells to protons of all energies,
can be produced using protons of any single energy. Conversely, if degradation data exist for any one
energy the experimental line for another energy such as 10 MeV protons could be readily obtained using
the equation:

Absorbed Dose = ¢1(E¢).S{{E}) = ¢2(Ep).Sa(Ep) (1

Equation (1) leads naturally to the concept of 10 MeV proton equivalent fluence, which is widely
used to simulate the effect of a complex proton environment given in terms of a differential proton
spectrum d¢p(E)/dE. The 10 MeV proton equivalent fluence is calculated from the integral of the proton

NIEL over the proton spectrum, divided by the NIEL for 10 MeV protons, i.e.,
%(10) = [1/Sp(1O)I.ISP(E).[d%(E)/dE] dE. (2)

itis usual to take damage correlation further than Eq.(2) by specifying radiation effects in terms of
the effect of a 1 MeV equivalent electron fluence. This requires first reducing the 10 MeV equivalent
proton fluence to 1 MeV equivalent electron fluence and then adding the result to the 1 MeV electron
fluence equivalent to the total electron environment present. However, because of complexity in the way
some semiconductors respond to electrons, such calculations require using the concept of equivalent
damage dose in a modified way as we now show.

2. ELECTRONS

It has been found that a linear dependence of photovoltaic parameter change on absorbed dose
as shown in figure 2 is always found for relatively high NIEL particles such as protons and helium ions. A
linear dependence is also found for low NIEL particles such as electrons incident on n-type Si, GaAs and
possibly other semiconductors. In these cases, EqQ.(1) can be used directly to convert a 10 MeV proton
fluence 10 a 1 MeV electron fluence from a ratio of the respective NIELs. Similarly, a 1 MeV equivalent
electron fluence can be detined for an electron environment in the same way as discussed above for the
10 MeV proton equivalence, Eq.(2), by simply substituting the appropriate symbols.

However, for devices with p-type active regions electron-induced changes are often found to vary
in a way which depends on the square of the NIEL of the electrons. This tinding is analogous to the
different response found for some biological systems to high and low LET ionizing radiations, which leads
to the concept of the “quality factor, Q" of the radiation. The quality factor expresses the relative effect of
a given radiation to the effect of x-rays, for which Q = 1. In the displacement damage case we will show
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below that we can define a quantity called the “effective 1 MeV electron equivalent dose”, which is
obtained by multiplying the absorbed dose for electrons of energy E;, i.e., S(Ej).¢(E;)), by the ratio
S(E;j)/S(1.0), where 1.0 refers to 1 MeV. This ratio is the displacement equivalent of the quality factor.
The reason for the choice of normalizing energy is that the response to 1 MeV electrons is the traditional
way of comparing the behavior of different kinds of solar cells.

As an example we consider the data of Yamaguchi and Amano (ref.5) for changes in minority
carrier diffusion length in p-type GaAs irradiated with 0.8, 1.0, 2.0, and 4.0 MeV electrons and with Co&®
gamma rays. The data were derived from in-depth profiles of short-circuit current changes measured in
the emitter of a p/n GaAs cell using the EBIC method. The difference between the reciprocal square of
the post- and pre-irradiation diffusion lengths, Ly and Lo, respectively is given by

1742 - 1/Lg2 = K(E) .6 @3)

where K(E) is the diffusion length damage coefficient for electrons of energy E. The NIELSs for electrons
in GaAs with energies of 0.8, 1.0, 2.0, and 4.0 MeV are 21.4, 26.5, 44.2, and 63.2 eV.cmz2/g, respectively.
The data points from figure 4 of reference 5 has been replotted in figure 3. The line for 4.0 MeV electrons
is a least squares fit to the data. The other lines are calculated from this reference line using the ratio of the
squares of the NIELs for the respective energies. Co80 gamma rays produce a spectrum of mostly
Compton electrons and the average NIEL assuming a linear dependence on electron energy is 9.40
eV.cm2/g. Assuming a quadratic dependence gives 155.0 (eV.cm2/g)2. Details of these calculations,
which are somewhat complicated, have been discussed briefly in reference 3. As an example of the
magnitude of the difference associated with the effect of a linear or a quadratic dependence on NIEL
consider the data for 4.0 MeV electrons and Co€0 gamma rays. With a linear dependence the 4.0 data
would be calculated to shift to the right by a factor of 63.2/9.40 = 6.72, which clearly would not coincide,
with the experimental data for Co®0. A quadratic dependence gives a shift of 45.2 and the agreement with
the data can then be seen in figure 3 to be excellent.

The quadratic dependence of NIEL means that Eq.(1) must be modified for electrons on p-type
GaAs to give.

$1(E1).[S1(Eq)]2 = ¢2(E2) [S2(E2)]R 4)
which can be rearranged to give
®(E1).S(E+) = ¢(E2). S(E2{S(E2)/S(E 1)) ®)

where the subscripts 1 and 2 for different types of particles has now been dropped because the
discussion applies to electrons only. Eq.(5) can be written

Dose(E4) = Dose(Ez).[S(E2)/S(E+)] (6)
Eq.(6) shows how an effective 1 MeV electron equivalent dose can be defined, i.e.,
Dose(1.0) = Dose(E2) [S(E2)/S(1.0)} (7
Figure 4 shows the data in figure 3 replotted using Eq.(7) to cakulate the effective 1 Mev electron
equivalent dose for each point. As can be seen in figure 4, when plotted in this way, all the data collapses

on to a single line. This line represents the general response of GaAs solar celis 1o electrons of all
energies.
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DISCUSSION

The results presented here show that the concept of displacement damage dose gives a more
fundamental way of comparing the radiation response of solar cells to irradiation than the more commonly
used particle fluence. A question that comes immediately to mind in comparing the radiation response of
cells, however, is the cause of the general linear dependence of damage coefficients on NIEL found for
protons in contrast to the quadratic dependence found for electrons on p-type Si, GaAs and possibly
other semiconductors. This question is more complicated than is at first apparent because clearly there is
a point at which a plot of the coefficients for p-type cells versus NIEL for protons and electrons, when
extrapolated, must coincide. At this “critical” point a linear dependence would presumably be found,
assuming there is a particle that actually has the corresponding value of NIEL. The answer to the question
must lie in the nature of the stable defects caused by different particles. Higher LET particles such as
protons produce defect cascades that have a tree-like structure with dense defect concentrations at the
end of branches containing isolated defects (ref.6). Lower LET particles such as low energy (<~50 MeV)
electrons produce mostly isolated point defects. It is the details of the formation mechanism of the point
defects affecting the electrical properties of the solar cell that determine the dependence on NIEL. The
“critical” value of the NIEL appears to correspond to the value at which the tree-like cascade structure
becomes dominant.
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ANNEALING OF IRRADIATED n+p InP BURIED HOMOJUNCTIONS

R.J. Walters and G.P. Summers
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Washington, DC

and

M.L. Timmons, R. Venkatasubramanian, J.A. Hancock, and J.S. Hills
Research Triangle Institute
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INTRODUCTION

At the last SPRAT conference, the Naval Research Laboratory (NRL) presented results from two
experiments. One studied n*p diffused junction (DJ) InP solar cells (ref. 1), and the other studied n*p
shallow homojunction (SHJ) InP mesa diodes grown by metalorganic chemical vapor deposition
(MOCVD) (ref. 2). The former work showed that a DJ solar cell in which the maximum power P
had been degraded by nearly 80% under irradiation recovered completely under short circuit illumination
at 450K (fig. 1). The recovery was accompanied by the removal of all but one of the radiation-induced
defect levels (fig. 2). The latter work, on the other hand, showed that the radiation-induced defects in
the SHJ diodes did not anneal until the temperature reached 650K (fig 3). These results suggest that an
irradiated DJ solar cell, under illumination, will anneal at a temperature 200K lower than an irradiated
SHJ cell. This is an unexpected result considering the similarity of the devices. The goal of the present
research is to explain this different behavior.

This paper investigates two points which arose from the previous studies. The first point is that
the DJ cells were annealed under illumination while the SHJ diodes were annealed without bias. Given
the known sensitivity of radiation-induced defects in InP to minority carrier injection-annealing (ref. 3),
it is possible that the illumination is the cause of the lower annealing temperature. To test this, irradiated
SHIJ InP solar cells of the same structure as the diodes of ref. 2 have been annealed under illumination
at temperatures ranging from 300-500K. The results of these experiments are presented here. The
conclusion is that the illumination had no effect on the annealing, and the annealing follows that which
was expected from the diode study of ref. 2 - i.e. the recovery is limited by a lack of defect annealing
in this temperature range.

The second point investigated here is that the emitters of the DJ and SHJ devices were
significantly different. The emitter of the DJ cells of ref. 1 were thick (0.3um) and grown by diffusion
which forms a graded carrier concentration profile. However, the emitter of the SHJ diodes of ref. 2 and
cells studied here were thin (0.03um) with a uniform carrier concentration profile. The thicker emitter
means the DJ emitter current is much larger than that of the SHJ cells. Also, the different concentration
profiles results in different spacial distributions of the junction electric field. These differences may
impact the solar cell annealing characteristics. To investigate this, the Research Triangle Institute (RTI),
under contract to NRL, used MOCVD to grow epitaxial cells with the structure of the DJ cells. The cells
have a 0.25um thick emitter with a graded dopant profile (fig. 4). The cells are referred to as deep
homojunctions (DHJ). The growth of these cells is the subject of a companion paper given by RTI at
this conference. The present paper reports the annealing characteristics of the DHJ cells following
irradiation. Results of annealing both in the dark and under illumination in the temperature range of
175K-450K are presented. In general, the annealing characteristics of the DHJ cells was similar to that
of the SHJ cells especially in terms of the defect spectrum. However, significantly more recovery of the
short circuit current (I,.) was seen in the DHJ cells than in the SHJ cells. Therefore, the thicker, graded
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emitter seems to enhance the recovery of L, but the overall cell recovery is incomplete due to a lack of

defect annealing just as in the case of the SHJ cells.
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Figure 1: Photo-injection annealing of an irradiated
DJ solar cell. Illumination at 275K causes
substantial recovery, and full recovery is seen at
450K.

EXPERIMENTAL DETAILS

Data measured on two n*p SHJ solar cells
are presented. One cell was annealed in the dark,
and the other was annealed under illumination. The
data for the cell annealed in the dark has already
been published in ref. 4, but the data is reproduced
here to allow for direct comparisons. This cell was
grown using MOCVD by Spire Corporation under
contract to NRL and has the structure of fig. 5. The
cell was part of run number 5414-7-1. Si was the
emitter dopant, and Zn was the base dopant. The
total cell area was 0.25¢cm* and BOL PV parameters
were: [,=8.78mA, V_=0.883V, P_ =6.48mW,
FF=0.836, Eff=18.95% (total area). The cell was
10 MeV proton irradiated up to a fluence of 10" ¢cm
’. Dosimetry was achieved through a faraday cup
and current integrator circuit, and the fluence is
known to within about 15%. Capacitance vs voltage
(CV) measurements on a diode grown on the same
wafer as the solar cell and irradiated simultaneously
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Figure 4: A schematic drawing of the DHIJ cells Figure 5: A schematic diagram of the n*p SHJ
grown by RTI. These are epitaxial cells grown to cells. The emitter of these cells is thin with a
simulate the DJ cell structure, so the emitter is thick uniform carrier concentration profile. This is the
with a linearly graded dopant profile. same structure as the mesa diodes of ref. 2.

with the cell showed the base dopant concentration to be a uniform 10'¢ cm™ before and after irradiation.

The second n*p SHJ solar cell studied here (the cell which was annealed under illumination) was
also grown using MOCVD by Spire Corporation. This cell came from run number 2353-1-1. The cell
structure was also that of fig. 5. Se was the emitter dopant, and Zn was the base dopant. The total cell
area was 0.25cm? and BOL PV parameters were: L.=7.32mA, V,.=0.850V, P_,=4.927mW,
FF=0.792, Eff=14.4% (total area). The cell was irradiated with alpha (o) particles from an Am-241
source. A special acknowledgement goes to Dr. Pascale Gouker of Spire for performing the irradiations
and supplying NRL with this cell. The cell was irradiated up to a fluence of 810" a-particles/cm?
which is equivalent to 5x10' 1 MeV electrons/cm? (the calculation of the 1 MeV electron equivalent
fluence was done by E.A. Burke formerly of Spire). No pre-irradiation CV measurements of this cell
were possible, but the target base carrier concentration was a uniform 5x 10' cm®. CV measurements
were performed on the cell after irradiation. The irradiation caused carrier removal near the junction
(fig. 6).

Two of the RTI DHJ cells were studied. These cells came from RTI MOCVD run numbers
1955-al and 1955-a4. The total cell area was 0.25cm?. Due to metal contact shadowing on top of the
cells, the active area was 0.16cm>. BOL PV parameters were: cell 1955-al -1,,.=4.82mA, V,=0.833V,
P..=3.32mW, FF=0.828, Eff=15.2% (active area) and cell 1955-a4 - 1,=4.85mA, V,=0.841V,
P_.=3.40mW, FF=0.834, Eff=15.6% (active area) . The cells were irradiated with 3 MeV protons
at the Naval Surface Warfare Center (NSWC) in White Oak, MD using a Pelletron Accelerator. The
samples were mounted on a grounded plate, and the fluence was determined by measuring the target plate
current. Unfortunately, due to incomplete charge collection and an obscuring aperture in the beam line
which was not accounted for, the dosimetry was poor. The best guess at the fluence is 6. 12x10" cm?,
but this could be off by as much as 40%. The cells were mounted and irradiated separately. The beam
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Figure 6: The carrier concentration profile of Spire Figure 7: Carrier concentration profiles of the
cell 2353-1-1 after irradiation and after annealing. two DHJ cells studied here. The irradiation had
Carrier removal occurred near the junction, and the no affect on the concentration. The inset scale
annealing had no effect. indicates the depth relative to the junction.

current was < 22 nA/cm?, and the irradiations were completed in a matter of seconds. The irradiations
were done in vacuum, at open circuit, and in the dark. CV measurements on diodes grown adjacent to
the cells before irradiation showed the base dopant concentration of cell 1955-al to be about 3 X 10' cm
and of cell 1955-a4 to be about 107 cm™, but both profiles were somewhat graded (fig. 7). These diodes
were irradiated simultaneously with the cells with no effect on the carrier concentration.

The solar cells were mounted in a continuous flow liquid nitrogen cryostat which is equipped with
a sapphire window to allow for illumination. The temperature range of the cryostat is 86 - S00K. All
of the experiments were performed using the cryostat including the annealing experiments. The chamber
was under constant vacuum. An Oriel 1000W Xe arc lamp solar simulator with AMO filtering was used.
The lamp intensity was adjusted to one sun using an InP reference cell calibrated by Keith Emery at
NREL. Illuminated IV curves were measured using two Keithly 617 electrometers and a Kepco 50-2M
bipolar amplifier. The radiation-induced defect spectrum was characterized through deep level transient
spectroscopy (DLTS). A Bio-Rad DL4600 spectrometer with a Boonton 72-B capacitance meter was
used. The reverse bias for every DLTS measurement was -2V. A saturation fill pulse was consistently
used to ensure complete trap filling. The same capacitance meter was used for the CV measurements.

EXPERIMENTAL RESULTS
Thermal Annealing of a SHIJ cell in the Dark
One of the goals of this report is to compare the aﬁnealihg characteristics of SHJ InP solar cells

which have been annealed in the dark with those which have been annealed under illumination. NRL and
Spire have published thermal annealing in the dark data in ref. 4, and that data is now reproduced for
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comparison purposes. It should be noted that a similar experiment has been performed at NRL on a 1
MeV electron irradiated Spire MOCVD grown n*p SHIJ InP solar cell which showed similar results.

Following irradiation with 10 MeV protons up to a fluence of 102 cm?, cell 5414-7-1 was
thermally annealed at 415 and then 500K. The cryostat was completely dark and no connections were
made to the cell during the annealing. At 415K, the cell was annealed in incremental time steps
beginning with 15 minutes and ending after 3 hours. After 3 hours at 415K, no further changes were
observed, so the temperature was raised to SO0K. The cell was again annealed in incremental time steps
beginning with 15 minutes and ending after 1 hour and 15 minutes. After each time increment, the
illuminated IV curve was measured at 298K (fig. 8). Also, both the majority and minority carrier trap
DLTS spectra were measured after each time step (fig. 9). With the present DLTS system, a positive
DLTS signal indicates majority carrier capture while a negative signal indicates minority carrier capture.

Considering the annealing at 415K, the only recovery of the PV parameters occurred after the
first 15 minutes. The recovery consisted mainly of an increase in I, (about a 3.5% increase). The
recovery of V. and the FF was 1% or less. The first 15 minutes at 415K also caused a small decrease
in the concentration of all of the hole traps (fig. 9). The ED peak just become visible due to the decrease
in the obscuring H3 peak. The continued annealing at 415K caused the complete removal of the H3 and
H4 defects. Increasing the temperature to S00K caused another increase in L, a very small one in V,
but none in FF. No changes in the DLTS spectra were seen. In total, the recovery was minimal - P_,,
which was degraded by 25%, only recovered by 9.4%, and only the H3 and H4 defects showed
annealing.

Thermal Annealing of a SHJ cell Under Illumination

One of the missing pieces in the current discussion is a study of the annealing of an irradiated
SHJ cell under illumination. This data is now presented. Following the a-particle irradiation, Spire n*p
SHJ InP solar cell number 2353-1-1 was illuminated short circuit at 350, then 400, and then 500K. As
in the previous experiment, the annealing was carried out for progressively longer times at each
temperature until no more changes were apparent. The temperature was then increased and the annealing
repeated. After each time step, an illuminated IV curve was measured at 298K along with the full DLTS
spectrum. The recovery of the IV curves is shown in fig. 10. The DLTS spectra are shown in fig. 11.

The illuminations at 350K had no effect on the IV curve or the DLTS spectrum. At 400K, all
of PV parameters recovered a small amount except the FF which showed no change. Raising the
temperature of illumination to 500K caused another moderate rise in V_, but I and the FF did not show
an increase. Overall, the IV curves showed only minimal recovery. In particular, the complete lack of
increase in the FF significantly suppresses P,,,. These results are similar in nature to the DLTS results.
Illumination at 350K had no effect on the defect spectrum. At 400K, the H3 and H4 defects were
completely removed, and at SO0K, the H3’ defect emerged (ref. 2). No other defect reactions were
observed. The recovery of the IV curves is minimal and only two of the 6 radiation-induced defects show
annealing stages.

Annealing of a DHJ Under Tllumination

The second part of this study investigated the effect of the emitter structure on the annealing
properties of irradiated InP solar cells. The first data set to be presented is the annealing of the RTI
grown DHIJ cell #1955-a4 under short circuit illumination. Since irradiated DJ cells showed substantial
recovery due to short circuit illuminations below room temperature (ref. 1 and figs. 1 and 2), the first
experiments were below room temperature illuminations. Initially, it was established through DLTS
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measurements that illuminated IV measurements at 86K did not cause annealing. Then the cell was held
at 175K and illuminated short circuit for 1 hour. A subsequent illuminated IV measurement at 86K
showed no change (fig. 12). A subsequent DLTS measurement also showed no change (fig. 13) which

is a very unexpected result because independent of PV recovery, the H4 defect has always shown
annealing at temperatures of 175K and above (1-5).

Following the 175K experiment, cell 1955-
a4 was illuminated short circuit at 300K and above.
As shown in fig. 13, illumination at 300K did cause

3 Me‘zV prloton'irrot‘i DH‘J ce!’l

the familiar reduction of the H4 peak height. The
H5 peak is seen to grow concurrently which is
characteristic of the SHJ cells, but not the DJ cells
(refs. 1,2, and 5). A very small recovery stage of
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Figure 13: Illumination of RTI DHJ cell 1955-a4. Figure 14: Continued illumination of RTI DHJ cell
At 175K, annealing of the H4 defect was expected 1955-a4 at T>300K. Some recovery seems evident

but not seen. Above 300K, only the H3 and H4 at 300K. I, completely recovers at 450K. V.,
defects anneal while the H5 peak grows. limits the cell recovery.
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Thermal Annealing of a DHJ in the Dark

The final data sets to be presented are the thermal annealing of an irradiated DHIJ cell in the dark.
The DHJ cell #1955-al was annealed in the dark (and unbiased) at 375 and 450K. Initially, the cell was
illuminated at 300K to ensure all room temperature annealing stages were complete. The recovery of the
cell is shown in fig. 15. All of the PV parameters recovered with I, recovering the most. The effect
on the DLTS spectrum is shown in fig 16. The annealing removed H3 and H4 but did not affect the
remaining defects. These results follow the same trends as the illuminated annealing data
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Figure 15: The effect of thermal annealing in the Figure 16: The effect thermal annealing in the
dark on RTI DHJ cell 1955-al. The recovery dark on RTI DHJ cell 1955-al. Basically the same
stages are similar to those seen during the defect reactions are seen as in the illuminated
illuminated annealing of cell 1955-a4. annealing of cell 1955-a4.

DISCUSSION

The first question under investigation was - would illuminating an irradiated SHJ cell above room
temperature enhance the cell annealing characteristics ? The answer is no. Essentially the same amount
of annealing of the PV parameters was seen following annealing under illumination and in the dark, and
the recovery is far from complete. Furthermore, the residual defect spectra measured at the end of both
annealing experiments are essentially the same. As was predicted by the results of ref. 2, very little solar

cell recovery is seen in the SHJ cells after annealing at temperatures below SOOK, regardless of the
illumination.

These results provide a better understanding of the cause of the different annealing behavior in
DJ and SHJ solar cells. In a DJ cell, illumination at 450K removed all of the radiation-induced defects
from the cell junction except for the electron trap, ED, which only partially annealed after 2 hours at
450K. In a SHJ cell, on the other hand, below 500K, none of the defects show annealing stages except
the H3 and H4 defects. These two defects are removed in the range of 375-450K, but all others remain.
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Therefore, the enhanced annealing evident in the DJ solar cells can be attributed, at least in part, to the
enhanced defect annealing in the cell junction. Considering these results with those of ref. 2, it is
expected that the defects in the junction of a SHJ cell will anneal if the temperature is raised to 650K.
Therefore, it may be concluded that a SHJ solar cell will show complete recovery after annealing at
650K. If this is the case, then it can also be concluded that, irradiated n*p InP solar cells grown by S
diffusion will completely recover at a temperature which is 200K lower than an irradiated n*p InP SHJ
cell grown by MOCVD. This is a strong possibility given the present results, but since data from an
irradiated n*p SHJ cell annealed above S00K do not yet exist, no definite conclusions can be drawn.

The second question under investigation was if the difference in emitter structure between the SHJ
and DJ cells was responsible for the different cell annealing behavior. The enhanced annealing of the
DJ cells was above shown to be, in part, due to enhanced defect annealing. Since the radiation-induced
defects in SHJ InP have been shown to be sensitive to an electric field (ref. 6), this enhancement may
be an electric field related effect. The DHIJ cells were grown to simulate the DJ cells, so the junction
electric field is expected to be similar in both cell types. However, the residual defect spectrum measured
in both DHIJ cells (i.e. in both the cell annealed in the dark and the cell annealed under illumination) was
essentially the same as that of the SHJ cells. Therefore, the difference in the junction electric field of
the DJ and SHJ cells most likely is not the cause of the enhanced defect annealing. However, it should
be noted that the exact structure of DHJ and the DJ cells has not yet been analyzed. Therefore, these
conclusion can only be tentative. A morc precise dctermination of the structure of these devices is the
next step in the NRL/RTI research project.

The annealing of the DHJ cells is also similar to that of the SHJ cells in terms of the recovery
of V.. V. shows almost no recovery in both of these cell types. The DJ cells, on the other hand, have
shown complete recovery in V. This is almost certainly due to the fact that most of the radiation-
induced defects in the base of the DHJ cells are not removed by the present annealing experiment while
in the DJ cells, all but the ED defect are removed. The persistence of the radiation-induced defects in
the epitaxial cells following these annealing experiments inhibits the recovery of V., while the annealing
of the defects in the diffused junctions induces full recovery of V in the DJ cells.

While the annealing of the defect spectrum in the DHIJ cells is similar to that of the SHJ cells,
the recovery of the PV parameters shows a significant difference. Annealing a DHJ cell for 5.25 hrs
under illumination at 450K caused complete recovery of I,., and annealing a DHIJ for 1 hour in the dark
at 450K showed substantial I, recovery. The SHJ cells did not show this much recovery, so it does seem
that the emitter structure of the DHJ cells has enhanced the annealing characteristics of I,.. The DLTS
results suggest that this is not due to enhanced defect annealing in the base (DLTS samples only the base
region), so the enhanced recovery it most likely due to an annealing mechanism in the n-type emitter.
This result is consistent with work presented at this conference by Messenger et al. on irradiated p*n InP
solar cells. Those results show recovery in I,; due to short circuit illumination at room temperature and
below. It seems, now, that a possible explanation has emerged for why L. in the DJ cells recovers under
illumination at T <300K and I,. in the SHJ cells does not. It may be that the I, recovery is caused by
an increased carrier collection efficiency in the n-type InP due to the illumination and only the DJ cells
have enough n-type material for the effect to be seen.

CONCLUSIONS
The present research has shown that illuminating an irradiated n*p SHJ InP solar cell during

thermal annealing above 300K does not enhance the recovery of the PV parameters or the defect
annealing rate. The results strongly suggest that irradiated n*p DJ solar cells will anneal at a temperature
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200K lower than an irradiated n*p SHJ cell with or without illumination. The measured full recovery
of I, in an irradiated DHJ cell has indicated that illumination may be only affecting the current collection
in the n-type InP material, so only n*p cells with thick emitters, i.e. the DJ and DHIJ cells, show
recovery of I, under illumination. However, the fact that the I, of the DHJ cells did not recover under
illumination below room temperature shows that the present DHIJ cell structure still lacks qualities of the
DJ cell structure which are essential for optimizing this effect. Furthermore, the lack of recovery of V,
and the lack of defect annealing in the DHJ cells indicates that there is still a major difference between
the epitaxial and diffused cell structures which inhibits the epitaxial cells from obtaining full recovery of
radiation-induced damage.

These points clearly indicate that while the present investigation of the effects of the cell structure
on the cell annealing characteristics has indicated the importance of the n-type emitter, more research into
the device structure needs to be done to fully understand the mechanism for the enhanced annealing
properties of the DJ solar cells.
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QUALIFICATION TEST RESULTS FOR BLUE-RED REFLECTING SOLAR CELL COVERS

W.T. Beauchamp
QOCLI
Santa Rosa, California

Recent market forces and design innovations have spurred the development of solar cell covers that
significantly reduce the solar absorptance for a cell aray. GaAs cells using Ge as the substrate host
material, can have a significantly higher output if the solar absorbtance of the cell array is reduced.
New optical coating design techniques have allowed the construction of covers that reflect the
ultraviolet energy (below 350 nm) and the near infrared energy (above 900 nm) resulting in the
beneficial reduction in absorbtance. Recent modeling' suggests three or more percent output increase
due to the lowered temperature with such a device.

Within the last several months we have completed the testing of production samples of these new
covers in a qualification series that included the usual environmental effects assoclated with the routine
testing of solar cell covers and the combined effects of protons, electrons and solar UV as would be
encountered in space.

For the combined effects testing the samples were exposed to 300 sun days equivalent UV,
5 x 10"/cm? of 0.5 MeV protons and 10'S/cm? of 1.0 MeV electrons. Measurements of the reflectance,
transmission, emittance and other appropriate parameters were made before and after the testing. As
measured by the average transmission over the cell operating band, the change in transmission for the
samples was less than or about equal to 1%.

The details of the testing and the results in terms of transmission, reflectance and emittance are
discussed in the paper.

Key Words:
Space Power, Photovoltaic System, Space Qualification, Solar Reflector, Reduced Solar Absorptance,
Temperature Reduction, Output Efficiency

INTRODUCTION

The results of this series of tests give quantitative data on the nominal performance of blue-red
reflecting (BRR) solar cell covers designed for use on GaAs and silicon solar cells before and after
exposure to the normal environmental tests for such devices, as well as the stability of that
performance in simulated space environmental effects testing. The tests performed included the
normal application specific performance parameters and environmental exposures that are important to
the use of the devices in service.

The test program used samples prepared using standard production methods and procedures. The
samples were manufactured in production lots from at least two different coating runs for each coating
type and were divided into test groups in a randomized manner with each group being exposed to a
specific series of tests and analyses. Many of the tests and characterizations were performed at OCLI.
However, the space environmental exposure testing using UV and high energy protons plus electrons,
was done at the Boeing Corporation . Low erergy proton exposures and evaluations were done by the
Hughes Aircraft Co., Space and Communications Division, and by the Martin Marrietta, Astro Space
Division. Samples prepared for this test series were mostly2 characterized at OCLI for the appropriate
performance parameters before testing and after testing to assess the changes induced by the
environmental exposures.

' See Blue/Red Reflecting Solar Cell Covers for GaAs Cells; Proceedings of the Twenty Third IEEE
Photospecialist Conference; Louisville, KY; May 1994

2 Some pre and post measurements of performance, as well as, the particle exposures were done by Martin
Marrietta for the low energy series.
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Product Descriptions and Codes

The products explicitly tested were blue-red reflecting solar cell covers for GaAs and silicon cells. For
OCLI, the bask code used to designate a blue-red reflecting cover is BRR. If the cover Is intended for
use on a GaAs cell then a (g) Is appended to this code to result in the BRR/g designation. If the cover
substrate material is Corning 0213 glass - a cerium doped micro sheet material - then the designation
becomes BRR/g-0213. Similarly, it the application requirements dictate the use of fused silica as the
substrate material and the cell will be GaAs the designation would be BRR/g-FS. A BRR cover for use
on a silicon solar cell would be designated as a BRR/s-0213 or BRR/s-FS. Another version of the
basic conceptual design for these products deletes the UV reflection feature and substitutes an AR.
This version would be designated as an AR-RR/g-0213, etc.

In this qualification series, samples of the BRR/g-0213 and the BRR/s-0213 covers were tested and
evaluated.

Product Descrlptlons

The function of coatings on a reflecting solar cell cover Is to reduce the solar absorption of the array
with little or no change in the electrical output of the system. The reduction in solar absorption Is
accomplished by reflecting as much as possible of the incident solar energy that Is at wavelengths
outside of the response wavelength band for the cell. GaAs solar cells are responsive to energy at
wavelengths from about 350 nm to about 300 nm. For silicon solar cells the response region is from
about 350 nm to about 1100 nm. |f the cover is designed to reflect both the UV energy below 350 nm
and the near-infrared energy above 900 nm or 1100 nm, the lower solar absorbtance will aliow the
system to remain cool and the cell efficiency will be less degraded by temperature effects. Of course,
the reduction in solar absorbtance will result in a lower temperature only if there is no significant
change in the emittance of the array surface due to the cover and coating.

A typical BRR cover reflectance for both types of cover - for GaAs and silicon cells - is shown in Fig. 1.
In the response regions of the cells, the transmission is very high. In the out of band regions above
900 nm or 1100 nm and below 350 nm, the reflectance is as high and as broad as practical.? If the
solar absorbtance is measured for a BRR cover adhered to a typical GaAs cell, the nominal solar
absorbtance is on the order of 75% with this BRR/g-0213 design. (The absorption of the cell and the
back contacts, as well as the glass, coating, and cement are included in the solar absorbtance value for
the complete cell-cover system.)

By comparing the spectral plots in Figure 1, the difference between a GaAs BRR and a silicon BRR can
be seen to be in the breadth of the transmission band. The position of the reflector for the NIR
wavelengths is independent of the position of the reflector for the UV wavelengths. In addition, for the
changes necessary to adapt from a reflector for use on GaAs to one for use on silicon, the transmission
at wavelengths in the cell response bands can be kept very high. Therefore, the transition edge - from
transmitting to reflecting - can be independently placed at a best position for each cover. The value of
1100 nm for silicon and 900 nm for GaAs on the long wavelength side of the transmission band and
350 nm for the short wavelength edge for both cell types was chosen based on extensive testing of
cell/cover combinations for use on pointing arrays*. '

The typical construction for a BRR cover is to place the UV reflector on the front surface of the cover
and the red reflector on the rear surface. Because the 0213 glass is highly absorbing at wavelengths
less than 350 nm, the UV reflector must be on the front to be functional. The red reflector could also be
on the front of the cover (under the UV reflector) but this might result in a significant reduction in the
emittance for the cover. The coating(s) on the front surface will modify the emittance due to the optical
properties of the materials in the far infrared. In particular the materials in the coating can add to

3 There is a great flexibility in the width of the reflectance band for the cover in both the UV and the NIR. What is
practical is determined by a host of factors including the reduction in solar absorbtance for broader reflectance
measured against increased cost of manufacture, the possble effact on transmission over the cell response
region associated with the more complex design, and possible greater warpage of the cover due to stress in the
coatings as well as other technical factors.

4 For the use of a BRR on a spinner satellita power system, the effects of angle of incidence on the coating must
be taken into account. This results in the use of a NIR reflecting band positioned slightly farther out in
wavelength than for the pointing array case.
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Reststrahlen reflectance or Fresnel reflectance in the infrared resulting in a reduced emittance. This is
particularty true for moderately thick coatings such as the red reflector.

Figure 1. Nominal Reflectance as a Function of Wavelength for a BRR/g-0213 Solar Cell
Cover (a) and for a BRR/s-0213 Solar Cell Cover (b).
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Note: These scans have different wavelength scales.

The covers evaluated in this test series were all constructed on 0.006 inches (6 mils) thick Cormning
0213 cerium doped microsheet. The 0213 glass was taken from stock material used at OCLI for
routine manufacturing of solar cell covers and qualified for space use as a cover material, uncoated
and in conjunction with a UVR coating on the front, in a qualification test discussed in the 1889 OCLI
Qualification Report APD 89011.

Part Preparation and Sample Selection

The parts tested for this qualification were prepared using manufacturing procedures for the particular
design, and were deposited in equipment regularly used for manufacturing of covers as well as other
products. The samples were, as much as practical, selected at random from two separate lots and/or
two separate coating runs for each coated surface on the covers. Control samples in the tests included
uncoated 0213 glass and the UVR covers. These control samples showed changes consistent with,
and in statistical agreement with, the data contained in the OCLI qualification test report for the UVR's
and Coming 0213 microsheet glass (report APD 89011).

TESTS PERFORMED AND QUALIFICATION TEST GROUPS

The parameters measured and the environmental tests performed are shown in Table 1. This list of
evaluations dictated the sequence of tests for each group and the data to be gathered.

Because of limited space in the test facilities at Boeing, the number of samples that could be exposed
to combined space effects was further limited. To insure statistical validity in the results, a minimum of
5 samples of each design type were tested in two independent sets.

Facllities and Equipment Used for the Testing and Exposures.

For the measurements of the optical performance properties of the covers before and after the
exposures, a Shimadzu 160 spectrophotometer was the primary instrument used. For measurements
of the infrared reflectance, a Perkin Elmer 983 was used (this was primarily for the emittance
determination). The regular environmental exposures for humidity and other durability tests were
performed in the OCLI testing laboratory to the military specifications pertinent to the individual tests.

5 The red reflector is of tha order of 5 to 6 times as thick as the UVR.
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Table 1 Quallfication Test Matrix for the BRR/g-0213 (GaAs BRR) and the BRR/s-0213
{Sllicon BRR) Qualification Serles.

T est Group
[REQUIREMENT __ A[BJ]CIDI[EJTFIGIHI]
ary | 5¢5 | 5+5 | 5+5 | 5+5 | 546 | 545 | 545 | 44
2anj2cmj2cem | 2cem| 2em] 2om [2em j2em [ested
x x X X X x X X by
SIZES] 4om|4com|d4cam)4cm | 4cm] 4om |4om lacm lothers |
Surface Quallty; Workmanship; 80-50 requirement X X X X X X X X X
Coating Orlentation X X X X X X X X X
Normal Emittance {1-R 5 to 50 microns) X X
putor/Cutoff Wavelength x x| x § x| x X | x| x
| Ultraviolet Refection- 285% @ 300nm +/-20nm | X 1 X X X X X 1 X X
Transmittance - - X X X X X X X
Humidity A-72 hours @120°F; 2 95% R.H. X
Humidity B-10 days per MIL-STD-8108B X
Thermal Shock-LN2 1 hr. & 350°F 1 hr. X
Temperature Cycle-1000 cycdles; -180°C to +195°C X
Salt Fog-48 hours . X
Ultraviolet Exposure-300 sun days X
Radiation Resistance-20 to 30 KeV protons X
Radlation Resistance-500 KeV protons X
Radlation Resistance-1 MeV electrons X
Abrasion Reslstance-20 rub X X X
Adhesion-Slow tape X X
15' Boll'Slow tape ' X
 Transmittance & Cuton x t x X x 1 x X x 1 x

The radiation and UV exposures were done at the Boeing Company Physical Sciences Laboratories
using their X-200 Solar Simulator (at Organization 8-5574, Boeing, Renton, WA) and the Dynamitron
Accelerator at the Physical Sciences Research Center (Seattle, WA.). The 1200 total hours UV
exposure started on November 1, 1993 and finished on December 23, 1993. The UV exposure was
done at about 6x the solar intensity (Air Mass Zero (AM0) Solar Spectrum) for a resultant 300 sun days
equivalent exposure. This was followed by the exposurse at the Dynamitron to 0.5 MeV protons to > 5 x
10'%cm2 and then to 1 MeV electrons to >10'5/cm2,

Radiation exposure at low energies (20 KeV to 30 KeV) for protons was done by the Astro Space
Division of the Martin Marietta Co. and the Space and Communications Division of the Hughes Aircraft
Co.

During exposure the radiation test samples were kept at or near room temperature by actively cooling
the mounting plates with flowing water.

Measurement Error Analysis

Repetitive measurements of known wavelength and photometric standards have established the
following measurement errors for transmission:

Accuracy Bepeatability
Wavelength: +0.5nm 0.1 nm
Photometric: 0.05% 0.02%
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QUALIFICATION TEST RESULTS FOR THE BRR/GaAs COVERS

All parts were measured for transmittance, UV reflectance, and NIR reflectance before test and met the
OCLI Product Specification No. 6067001-08.

Before and after measurements of transmittance were done for all test groups except group F. Group
F only involved observations of the surface quality and coating orientation for the samples.
Measurements of reflectance are included in the data after testing for completeness, but no data was
taken for this group before.

Only the samples in test group H were measured before and after the test for emittance as well as for
the transmittance values. The values for the emittance of the covers were calculated as one minus the
reflectance in the range 5 pm to 50 um.

Summaries of the before measurements of transmittance for the BRR/g-0213 test samples are shown
in Table 2. The values of the arithmetic average transmission for various wavelength ranges are
shown in the table. Data Is presented for each of the test groups (however, the thermal cycle tests -
Group D - have not been completed as of this writing).

The after exposure transmittance measurements for each of the test groups is shown in Table 3. In
this data set the values for the transmittance of the group F samples are also included, as measured
after test, for reference. The changes Iin transmittance, absorbtance, reflectance and emittance for the
test sample sets in each group are given in Table 4.

The surface quality of all test parts in the test groups was < 80-50 per MIL-O-13830A.

The normal spectral emittance for the BRR/g covers was found to be unaffected, well within the
accuracy of determination of the emittance, by the combined effects testing. Nominal values for the
normal spectral emittance as determined by these measurements, were in the range of 86% to 87%
The average transmittances in the 400 nm to 900 nm wavelength band were also unaffected by the
normal environmental exposures.

The 50% cut-on wavelengths (transmission) of all BRR/GaAs coatings were 359.5 nm £ 1.7 nm at the
UV position and 972 nm + 7 nm at the near infrared positioQ. All measured BRR/g-0213 parts had less
than 1% average transmission between 200 nm and 320 nm before and after testing.

The BRR/g-0213 parts In test group H were subjected to combined UV exposure for 300 AMO UV sun
days equivalent (at 6x sun intensity), followed by proton irradiation (0.50 MeV) to 5 x 10'%/cm?, in a
vacuum of 1 x 108 torr and then electron irradiation (1.0 MeV) to 1.0 x 10'S/cm?. The average
transmission from 400 nm to 900 nm was lowered an average of 1.12%. This change is a little higher
than was expected. However, it is near the change limit specified for other cover products such as the
UVR only. The specification limit for change in solar transmittance is usually set at less than 1%. The
change in the cut-on edge at the UV was about 5.6 nm on average and at the NIR edge was 0.69 nm
on average.

Summary of Qualification for the BRR/GaAs

For all qualification test groups discussed above, transmission changes due to the testing were less
than 1%, except for the samples irradiated in test group H. The change in transmission for the samples
in test group H was about 1.12% on average.

QUALIFICATION TEST RESULTS FOR THE BRR/SILICON COVERS

The matrix of qualification test groups for the BRR/silicon (BRR/s-0213) covers is identical to the matrix
for the BRR/g-0213 covers shown in Table 1. All parts were measured for transmittance, UV
reflectance, and NIR reflectance before test and met the OCLI Product Specification No. 6067001-09.
As with the other test sets, the before and after measurements of transmittance were done for all test
groups except group F. Group F only included observations of the surface quality and coating
orientation for the samples. Measurements of reflectance are included in the data after testing for
completeness, but no data was taken for this group before.
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Table2 __ Transmittance & Emittance for the BRR/g-0213 Samples Before Testing. ‘

(Summary - Set 1" Run Numbers 466-1686/1688)

Test 50% Trans Cuton Peak at Avg Avg Emitt
Group Lower Upper  200-230 400-900 600-800
A Average 359.86 960.96 0.61  200.60 96.42 97.62
Std Dev 1.25 5.91 0.05 0.55 0.21 0.05
B Average 360.02 949.34 057 201.00 96.36 97.70
Std Dev 1.66 543 0.01 0.00 0.04 0.04
C Average 35796 97582 0.60 200.60 96.53 97.69
Std Dev 0.64 15.02 0.06 0.55 0.10 0.12
D Average 358.60 975.66 052 20020 96.41 97.68
Std Dev 0.31 12.59 0.02 0.45 0.47 0.10
E Average 359.24  989.92 0.54  200.00 96.52 97.83
Std Dev 1.67 4.67 0.05 0.00 0.03 0.05
F Averagei No Data Taken
Std Dev
G Average 358.38 958.58 0.54  200.00 96.65 97.68
Std Dev 0.96 717 0.05 0.00 0.1 0.03
H Average 359.25 961.33 0.58  200.00 95.47 96.68 86.57
Std Dev 0.52 3.26 0.02 0.00 0.28 0.24 0.27

Table3 __ Transmittance & Emittance for the BRR/g-0213 Samples After Testing. ;

(Summary - Set 1* Run Numbers 466-1686/1688)

Test 50% Trans.Cuton Peak at Avg Avg Emitt
Group Lower Upper  200-230 400-900  600-800
A Average 360.16 960.28 0.13 320.00 96.28 97.57
Std Dev 1.32 5.87 0.03 0.00 0.03 0.03
B Average 361.60 948.88 0.09 320.00 96.31 97.69
Std Dev 247 5.90 0.02 0.00 0.06 0.03
Cc Average 358.02 976.14 0.14 320.00 96.46 97.67
Std Dev 0.46 15.65 0.02 0.00 0.10 0.11
D Average 8D TBD 8D TBD T8D T8D
Std Dev
E Average 359.44  990.32 0.12  320.00 96.28 97.59
Std Dev 1.58 438 0.00 0.00 0.23 0.25
" F Average 359.50 971.08 047 320.00 96.37 97.62
Std Dev 0.31 1.20 0.01 0.00 0.23 0.19
G Average 358.48 958.40 0.15 320.00 96.49 97.57
Std Dev 097 7.76 0.00 0.00 0.10 0.03
H Average 36448 962.00 025 320.00 94.27 96.39 86.25
Std Dev 0.45 .030 0.00 0.00 0.12 0.03 0.19

* Set 1 of two sets. Second set not displayed to save space. Data and conclusions are the same for Set 1 and
Set 2. For an expaination of the TBD's in group D see the text.
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Table4 Changes In Transmittance and Emittance for the BRR/g-0213 Samples

Set 1 Run Numbers 466-1686/1688
Test 50% Trans Cuton _ Peak Avg Avg Emitt
Group Lower Upper  200-320 _ 400-900 600-800
A Average -0.30 0.68 0.49 0.14 0.05
B Average -1.58 0.46 0.48 0.06 0.01
Cc Average -0.06 -0.32 0.46 0.06 0.02
D Average 8D TBD TBD TBD TBD
E Average 0.20 -0.40 0.42 0.24 0.24
G Average -0.10 0.18 0.39 0.16 0.10
H Average -5.23 -0.67 0.33 _1.21 0.29 0.32

A negative number signifies an increase in value
Space Environmental Tests

The BRR/s-0213 test group H was also the sample set sent to Boeing for particle irradiation. This test
group was measured before and after test for emittance as well as for the transmittance values. The
values for the emittance for the covers are calculated as one minus the reflectance in the range 5 um to

50 um.

Summaries of the before measurements of transmittance for the BRR/s-0213 test samples are shown
in Table 5. The arithmetic average transmission for various wavelength ranges are shown in the table.
(as mentioned before, the thermal cycle tests - Group D - have not been completed as of this writing).

The values for the reflectance of the covers in the UV and {he position of the maximum value are also
given. Data is presented for each of the test groups (the té5t group | has not been completed as of this
writing.) Values for the emittance of the covers calculated as one minus the reflectance in the range
5 pum to 50 um, are also shown for each cover in the H test group, as measured before testing.

The after exposure transmittance measurements for each of the BRR/s-0213 test groups are shown in
Table 6. Again the values are the average or minimum transmittances in the selected wavelength
ranges. In this data set, the values for the transmittance of the group F samples are also included, as
measured after test, for reference. The change in transmittance, absorbtance, reflectance and
emittance for the test sample sets in each group are given in Table 7.

The surface quality of all BRR/s-0213 test parts in the test groups is < 80-50 per MIL-O-13830A.

All parts were measured for transmittance before test and met the OCL! Product Specification
No. 6067001-09.

The normal spectral emittance for the BRR/s-0213 covers was found to be unaffected, well within the
accuracy of determination of the emittance value, by the combined effects testing. Nominal values for
the normal spectral emittance as determined by these measurements was in the range of 86% to 87%
The average transmittances in the 450 nm to 1100 nm wavelength band were also unaffected by the
normal environmental exposures.

The 50% cut-on wavelengths (transmission) of all BRR/Silicon coatings were 359.5 (+ 15) nm at the UV
position and 1160 (+ 10) nm at the near infrared position. BRR/s-0213 test covers were placed into a
test chamber at a controlled temperature for 72 hours at a temperature of 49°C £ 2.5°C and > 95%

' sSet 1 of two sets. Second set not displayed to save space. Data and conclusions are the same for Set 1 and
ot 2.
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relative humidity per MIL-C-675A (test group A). After humidity all parts were tested for 20 rub eraser
abrasion resistance per MIL-C-675A and slow tape adhesion per MIL-M-13508B. No physical
degradation was observed on any part and the change in transmission for the wavelengths 450 nm to
1100 nm was less than 0.57% on average. The change in the 50% transmittance cut-on edge was less
than about 0.4 nm to 1.2 nm on average at the UV position.

The BRR/s-0213 parts in test group H were subjected to combined UV exposure to 300 AMO UV sun
days equivalent at 6x sun intensity, followed by 0.5 MeV proton irradiation o 5 x 10'%/cm? in a vacuum
of 108 torr and then 1.0 MeV electron irradiation to 10'S/cm2. The average transmission from 450 nm
to 1100 nm was lowered an average of 0.36%. The change in the cut-on edge at the UV was about 3.4
nm on average and at the NIR edge was about 5 nm on average.

It is Interesting to note that the design of the BRR/silicon coating is the same as the design for the
BRR/GaAs design, with the exception of the increase in the red reflector coating thickness to shift the
reflectance band out beyond 1.1 um. This represents a thickening of all of the layers in the design by
about 15%. If the changes shown are compared between the two designs, however, it is not clear why
the GaAs version should have changed so much while the silicon version changed so little.

Summary of Qualification for the BRR/Sllicon

For all qualification test groups in the silicon BRR evaluations, the change in transmission was less
than 1%. This is within the specification for the BRR covers and the BRR/s-0213 covers can therefore
be qualified for space applications.

QUALIFICATIONS BY SIMILARITY

Based on the results of this testing and flight experience with other cover/coating combinations, it is
possible to qualify other specific products by similarity. These include the blue-red retlecting solar cell
covers using fused silica as the substrate and an AR-red reflector cover.

Other Verslons of The Red Reflecting Solar Cell Cover

Among the atemate product forms for red reflecting solar cell covers are products that substitute other
substrate materials such as fused silica, and product forms that substitute an antireflective coating on
the front surface for the UVR.

As noted in the introduction, the version of the design that substitutes fused silica for the substrate Is
designated by appending an FS to the product code in place of the 0213. The difference between the
BRR/g-FS and the BRR/g-0213 and between the BRR/s-FS and the BRRs-0213 solar cell covers is the
substrate material and the addition to a smalt amount of UV absorbing material in the front coating (the
UV reflector). The 0213 glass, qualified in the testing described in OCLI report no. APD 89011,
changes very little when exposed to the particle iradiation, the other tests described in that report, and
in this series of tests. However, fused silica is even more stable in these same tests. Therefore, the
use of fused silica as the substrate would result in an even more stable cover product.

The coating design and material used for the front surface coating on the BRR/x-FS product is also a
space qualified product that has flown for many years. This coating on fused silica Is the blue reflector
used in the AR/BR design that was the staple of the solar cell cover market for the years prior to the
introduction of the CeOg stabilized glasses such as Coming 0213. R

The reflectance and transmittance for these product forms are nearly identical to the glass based

products. The solar absorbtance for the fused silica based BRR products is a little less than that for the
glass based product. ; '
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Table5 Transmittance and Emitance for the BRR/s-0213 Samples Before Testing.
Set 1 Run Numbers 466-1685/1688

Test 50% Trans Cuton Peak at Avg Emitt
Group Lower Upper  200-230 450-1100
A Average  363.36 (ND) 0.71¢ 200.60 96.49
Std Dev 0.38 0.05 0.55 0.07
B Average 364.68 (ND) 0.73  200.40 96.57
Std Dev 1.11 0.05 0.55 0.08

C Average  363.02 (ND) 0.66 200.80 96.55
Std Dev 2.88 0.02 0.45 0.06
D Average  362.54 (ND) 0.70 201.00 96.64
Std Dev 1.85 0.04 0.00 0.14
E Average  366.72 (ND) 0.72 200.60 86.72
Std Dev 2.43 0.05 0.55 0.08
F Average No Data Taken (ND)
Std Dev

G Average  365.84 (ND) 0.68 200.60 96.68
Std Dev 2.76 0.05 0.55 0.12
0

H Average  364.40 (ND) .59  200.00 95.84 86.28
Std Dev 1.44 0.01 0.00 0.15 0.06

Table6 Transmittance and Emittance for the BRR/s-0213 Samples After Testing.
Set 1° Run Numbers 466-1685/1688

Test 50% Trans Cuton Peak at Avg Emitt
Group Lower Upper _ 200-230 450-1100
A Average 363.78 1209.02 0.15 320.00 986.12
Std Dev 0.40 479 0.03 0.00 0.19

B Average 36528 1212.28 0.10 32000 96.35
Std Dev 1.03 10.79 0.02 0.00 0.43

o] Average 363.10 1214.48 0.12  320.00 96.43
Std Dev 3.03 13.45 0.03 0.00 0.1

D Average TBD T8D TBD TBD T8D

Std Dev
E Average 366.74 1202.72 0.12 32000 96.67
Std Dev 2.46 1.32 0.04 0.00 0.09
F Average 364.40 122792 036 320.00 96.67
Std Dev 2.60 7.62 0.06 0.00 0.24
G Average 36634 1228.08  0.10 320.00 96.59
Std Dev 3.08 10.32 0.03 0.00 0.15
H Average 36845 1182.05 0.30 32000 95.99 86.29
Std Dev 2.47 1.16 0.01 0.00 0.11 0.50

* Set 1 of two sats. Second set not displayed to save space. Data and conclusions are the same for Set 1 and
Set 2. For an expaination of the TBD's in group D soe the text.
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Table7  Changes In Transmittance and Emittance for the BRR/s-0213 Samples
Set 1 Run Numbers 466-1685/1630

Test 50% Trans Cuton _ Peak Avg Avg Emitt
Group Lower Upper _ 200-320  450-1100 400-450
A Average -0.42 (ND) 0.56 0.36 0.12
B Average -0.60 (ND) 0.63 0.22 -0.30
C Average -0.08 (ND) 0.55 0.11 -0.15
D Average TBD (ND) TBD TBD 8D
E Average -0.02 (ND) 0.60 0.05 0.27
G Average -0.50 (ND) 0.58 0.09 -0.40
H  Average  -4.05 (ND) 0.29 0.15 545 [0.07]

A negative number signifies an increass in value. ND indicates no data due to no before measurements
of the cut on edge. For an expaination of the TBD's in group D see the text.

The second altemate product form with an AR on the front has the designation AR-RR/g-0213 when
the coatings are on the Coming 0213 microsheet glass. This product differs from the BRR/g-0213
product because the front coating is the conventional single layer magnesium fluoride antireflection
coating that has flown in space for many years. In the same manner, the difference between the
AR-RR/s-0213 product and the BRR/s-0213 cover is the same single layer antireflection coating
design.

it may be possible, because of the flight history for parts of these designs and the results of the testing
discussed here, to consider these alternate product forms qualified by similarity. Due to the high cost
associated with such testing and the time required for a test program, it is hoped that the similarity of
the products to the BRR/g-0213 and BRR/s-0213 will be sufficient for qualification. However, if there is
sufficient justification for the specific testing of any of these alternate product forms, OCL! will entertain
the suggestion that a test series be conducted for the AR-RR.

CONCLUSION

Based on the testing discussed here, the biue-red reflecting solar cell covers can be considered
qualified for space use. '

* Set 1 of two sets. Second set not displayed to save space. Data and conclusions are the same for Set 1 and
Set 2.
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UV TESTING OF INTELSAT-VII, VIIA, AND Vil SOLAR CELLS!

A. Meulenberg
COMSAT Laboratories
Clarksburg, Maryland

Extended Abstract

A 4000 hour experiment, conducted in late 1992 through mid 1993, confirmed
earlier results on the ultraviolet damage effects in covered solar cells of various types
being used, or proposed for use, in INTELSAT programs. Two different UV test systems
were used to identify systematic errors and to study the effects of UV source-bulb age on
degradation rate.

After correction for contamination and UV source-bulb aging, the extrapolated
degradation rates for irradiated and unirradiated INTELSAT-5, -6 single AR (SAR)
coated cells and INTELSAT-7, -7A, -8 double layer AR (DAR) coated cells? in both the
1993 tests confirm the following hypotheses resulting from the 1992 experiment.

a. Irradiated cells display significantly more UV degradation than do the
unirradiated cells for tests exceeding 2000 hours. [The new data indicates that
degradation effects from electron irradiation are proportional to t2 (the square of
the UV hours), at least for times < 3000 hours.]

b. This difference does not depend upon antireflective coating, cell resistivity,
or manufacturer within the sensitivity and reproducibility of the experiment.

c. There is a clear difference in degradation rate between single AR coated
cells (TiOx) and double layer AR coated cells (SiOx and Al203?). At 100,000 hours
(11.4 years) the DAR coated cells display more degradation than do the SAR
coated cells, even though at 1,000 hours the DAR cells display less degradation.

d. UV degradation rates, to modern covered silicon solar cells, at the beginning of
bulb life drop from ~2 times the average rate to near zero after 2000 hours
(average end-of-life for the xenon short-arc lamps used in the tests).

The effects of 1 MeV electron irradiation (1015 e-/cm2) prior to UV exposure are
clearly indicated in the plot of percent change in cell open circuit voltage (Voc) versus
percent change in short circuit current (Isc) during the UV test and post-test cleanup of the
cells (Figure 1). The heavy lines indicate the trends of the data for both unirradiated and
pre-irradiated cells (different cell types and resistivity show the same trend). The slopes of

1 This work was supported by the International Telecommunications Satellite Organization (INTELSAT)
and by COMSAT Corporation.

2 The tested INTELSAT-5, -6, and -7 cells are German and the INTELSAT-7A and -8 cells are Japanese.
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the trend lines differ between the unirradiated and irradiated cells during UV exposure but
not during the post-test removal of contamination. Clearly, extended UV testing produces
a permanent photo-induced redegradation of previously irradiated cells. However, this
photo-induced redegradation may be caused by the long-wavelength light, not the UV

light.
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Figure 1. The % change in cell open circuit voltage versus % change in Isc during the

UV test and post-test cleanup of unirradiated and irradiated (labeled), 2-
and 10- ohm-cm (clear and filled symbols respectively) solar cells.

Figure 2 is representative of the reduced data obtained in the two 1993 tests
reported here. The corrections to the data include: normalization against control cells, to
adjust for any long-term intensity or spectral drift of the solar simulator; modification of
the time base, to adjust for changes in the damaging portion of the UV test source
spectrum; and, subtraction of the contamination that accumulated on both the quartz
window and coverslides during the extended test.

A comparison of the results for SAR and DAR coated cells from the one 1992 and
the average of two 1993 Tests (in the table) indicates their level of agreement and the
spread in data and extrapolations of the tests. The very high degradation seen in the
extrapolated result for irradiated DAR coated cells is partially an artifact of the
assumption that photo redegradation of preirradiated cells does not saturate.
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Figure 2. Corrected UV degradation, data and extrapolations, for the unirradiated

cells of Test 1 in the 1993 experiment.

Comparison of 1992 and 1993 Test Results for SAR and DAR Coated Cells

Cell Configuration % Alsc at % Alsc at % Alsc at
1000 hours 10,000 hours 100,000 hours
UNIRRADIATED 1992 /1993 1992 /1993 1992 /1993
SAR 17/-16%05 -38/-25*1 -59/-33%15
DAR 05/-15%05 -25/-35%1 -6/-6x2
IRRADIATED
SAR NA/-22+05 NA/-4x1 NA/-57%15
DAR 08/-15t05 -5/-52%1 -14/-10%22

Eleven years exposure to the space UV environment should degrade unirradiated

1-5,6 cells by 4.5 £ 1.5% and 1-7,8 cells by 6  2%. At 4000 hours, 10 and 2 ohm-cm,
preirradiated cells display ~1.8 and ~2.4% greater loss than do the corresponding
unirradiated cells. Therefore, degradation of the preirradiated cells at 100,000 hours

should be 2 6.5 t 29, for I-5,-6 cells and 2 8 29, for1-7,-8 cells. It is not yet determined
which set of laboratory data corresponds to space experience in a radiation environment.
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PARASITIC CURRENT COLLECTION BY SOLAR ARRAYS IN LEO!

Victoria A. Davis and Barbara M. Gardner
S-Cubed Division of Maxwell Laboratories
San Diego, California

SUMMARY

Solar cells at potentials positive with respect to a surrounding plasma collect electrons. Current is
collected by the exposed high voltage surfaces: the interconnects and the sides of the solar cells. This
current is a drain on the array power that can be significant for high-voltage arrays. In addition, this
current influences the current balance that determines the floating potential of the spacecraft. One of the
objectives of the Air Force (PLUGPS) PASP Plus experiment is an improved understanding of parasitic
current collection. As part of the PASP Plus program, we are using computer modeling to improve our
understanding of the physical processes that control parasitic current collection.

BACKGROUND

Solar arrays provide power for nearly all space systems. Traditionally, solar arrays have operated in
the 30 V range to avoid complex interactions with the plasma environment. As space systems become
more complex, more power, therefore higher voltages, is needed.

Typically, the negative side of each solar array is grounded to the spacecraft chassis. This makes the
exposed metal and semiconductor of the arrays positive with respect to the spacecraft body. The
equilibrium potential of a spacecraft with respect to the plasma is the potential at which there is no net
current to the spacecraft. As illustrated in figure 1, there are several components of the currentto a
spacecraft. Portions of the solar array attract ions and other portions attract electrons, depending on the
local potential. lons are attracted to exposed conductors on the spacecraft surface, as the spacecraft
body is negative with respect to the plasma. Particle beams and other emitters also contribute to the net
current. Since electrons are more mobile than ions, spacecraft float negative unless the potential is
actively controlled. '

It may be necessary to keep the spacecraft body near zero potential with respect to the plasma. For
example, an instrument to measure the low energy plasma environment may need to be near plasma
ground. Anodization arcing and negative potential arcing are potentially disruptive at potentials greater
than 50 to 100 V negative with respect to the plasma (refs. 1 and 2). Particle beams and plasma
contactors are sometimes used to maintain the spacecraft potential. If the solar arrays are at 150 V and
the spacecraft chassis is maintained at no more than 50 V negative with respect to the plasma, the most
positive portions of the solar arrays are at 100 V, with respect to the plasma. Therefore, it is important to
consider current collection by the portions of solar arrays at positive potentials.

A traditional solar array is an array of solar cells 2 to 8 cm in size and connected in series by
millimeter-sized metal interconnects. The interconnects can be metallic meshes or sets of wires. Each
solar cell is protected from the environment by a cover glass. Figure 2 shows the regions between cells in
a typical array. Current is collected by the portions of the metallic interconnects and the semi-conducting
solar cells exposed to the plasma environment.

! This work is supported by the Air Force Materiel Command.
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At low potentials, a barrier forms that prevents electrons from reaching the high voltage surfaces. The
barrier is created by the surrounding insulating surfaces, primarily the coverglass, that float slightly
negative. The current collected is the high energy tail of the distribution and therefore depends
exponentially on the barrier height. The barrier height depends on the potential, the plasma, and the
geometry.

At high potentials, typically over 200 V, the current rapidly rises due to a phenomena called snapover.
Snapover was first observed at NASA/LeRC (refs. 3, 4, and 5). Snapover can occur whenever there is a
biased surface adjoining an insulating surface and the bias is above the first crossover of the secondary
yield curve of the insulating surface (refs. 6 and 7).

When the solar cell potential is below the first crossover of the secondary yield curve, the insulating
surface floats slightly negative (a few times the electron energy) and collects as many ions as electrons
from the ambient plasma. If the potential of the insulating surface is above the first crossover, each
electron generates more than one electron. The secondary electrons may either return to the surface or
move across the surface under the influence of surface electric fields. The equilibrium potential at each
location is the potential at which the net current of electrons from the plasma and secondary electrons
arriving at and leaving the location balance. The exposed conductor is a sink for the secondary electrons.
The surfaces adjust so that a potential gradient exists across the insulating surface attracting the
secondaries to the conductor at the highest potential. The net effect is that the high potential area and the
collecting area increase. There is a range of applied bias values for which the insulating surface may
either float slightly negative or be snapped over. Experimentally, hysteresis is observed. The size of the
snapped over region, and therefore the current, depends on the local geometry as well as the potentials
and the plasma.

The Photovoltaic Array Space Power Plus Diagnostics (PASP Plus) flight experiment will explore high
voltage current collection by solar arrays (ref. 8). PASP Plus is the principal experiment integrated onto
the Advanced Photovoltaic and Electronics Experiments (APEX) satellite bus. APEX will be launched this
summer into a 700 elliptical orbit from 360 to 1950 km. The spacecraft attitude is such that the solar array
test panels will always face the sun. The experiment will test twelve different solar array designs. The
experiment will investigate negative potential arcing, parasitic current collection, and long term radiation
damage. Parasitic current collection will be measured for eight of the designs under various operational
and environment conditions. The arrays will be biased from 75 to 400 V. Previous space experiments that
examined parasitic current collection include PIX | (ref. 9), PIX Il (refs. 10 and 11) and SAMPIE (ref. 12).

OUR APPROACH

The computation of the current collected by a specific solar array can become intractable. The gap
size is of the order of tens of mils while the solar cells are a few centimeters and the entire array can be
meters. Each solar cell is at a slightly different potential. The current depends on the geometry of the gap,
the geometry of the entire array, the spacecraft, and the plasma conditions.

We are interested in improving our understanding of which aspects of the problem are most important
and developing a tool or at least an algorithm to assist spacecraft designers. Our approach is to look in
detail at current collection at a single cell gap. Using the computer we can vary each parameter
independently. We then develop formulas that estimate the current collected by a single gap. We then
incorporate the formulas into a tool that can add up the current from all the gaps to give the current
coliected by an array. Information on the array geometry and how it influences the current can also be
added to the tool.

To compute the current to a single gap, we are using the Gilbert computer code. Gilbert is a general-

purpose, two-dimensional, plasma analysis code. it can be used to solve for the electrostatic potential
about an object, with flexible boundary conditions on the object and with space charge computed either
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fully by particles, fully analytically, orin a hybrid manner. For this study Gilbert is used to first compute the
electrostatic potentials in space around the solar cells and then to compute the electron trajectories in the
previously computed potentials. The space charge was computed using an analytic formulation. The
analytic formula includes charge density variation due to acceleration and convergence (ref. 13).

Figure 5 shows a typical grid for the Gilbert calculations. The gap and the space above the gap are
gridded. The surfaces provide the boundary conditions. This grid represents solar cells with mesh
interconnects. An idealized geometry was chosen because we are interested in understanding the
relationship between the variables. The interconnect is modeled as a diagonal line extending across the
bottom of the gap. The side of one solar cell is at a high potential along the left side of the gap. The sides
of the coverglass on both sides of the gap are included. All the insulating surfaces have a special
boundary condition that represents the snapover condition when appropriate.

Figure 6 shows potential contours and a few trajectories for a typical case. The potentials are
computed using an analytic representation of the charge density. Macroparticles are emitted from several
locations along each sheath segment. At each location, a set of particles with a thermal distribution of
velocities is created. These macroparticles are tracked. The collected current is the current carried by the
macroparticles reaching the high potential surfaces.

Current collection can be either orbit limited or space charge limited, depending on the debye length of
the plasma and the size of the collecting area.

There are two serious limitations to computing the current in this way. Implicit in the technique of drawing
a sheath edge and tracking current from this sheath edge is the assumption of a sharp sheath edge. This
assumption is not necessarily valid when the sheath size is of the order of a debye length. The computed
sheath sizes are smaller than a debye length for some geometries under some plasma conditions,
particularly for geometries without an interconnect and at low potentials.

The other limitation is the assumption that current can reach the sheath. At lower cell potentials, the
coverglass surface potential dominates the long distance potential. To reach the “sheath edge,” an
electron must pass through a negative potential region. Only the electrons in the high energy tail of the
distribution are collected. A different technique is needed to compute the current in this regime.

A different approach is also needed at the highest potentials. When the entire surface of the array is
snapped over, the sheath is dominated by three-dimensional effects.

RESULTS

We have done calculations for three geometries: cell-to-cell gap region with an interconnect, without
an interconnect, and a single cell edge. The calculations span the space of anticipated plasma conditions,
applied potential, and first crossover potential, The current rises rapidly when the applied bias is four to
five times the first crossover potential. Figure 7 shows how the current varies as a function of the applied
bias for a single solar cell edge.

We now have analytic formulas for the dependence of the current on the primary problem variables:
applied voltage, plasma conditions, and, to some extent geometry. These formulas have been
incorporated into the EPSAT computer code.

EPSAT is an analysis tool for determining the performance of power systems in both naturally
occurring and self-induced environments (ref. 14). EPSAT is an engineering spreadsheet that allows rapid
“what if” analysis of the effect of parametric changes on a space-based system’s performance. EPSAT
provides information on the plasma and neutral environment anticipated on orbit. The code presently
models many of the interactions of the space environment with a power system, including sheath
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formation, v.x B potentials, particle beams, and sheath ionization. The code permits the user to do
mission studies and evaluate the importance of the various interactions with a specific spacecraft design.
The user can then adjust the design and examine the effect of the change on the ability of the system to
operate in natural or hostile environments. EPSAT uses a unique architecture for integrating analysis
models that allows modeling capabilities to evolve with changing needs.

A new solar array module for EPSAT has been developed. The current to a solar array is computed
by summing the current to each solar cell edge, interconnect, and gap without interconnect, while not
double counting. The current to a single edge or gap is computed using a fit to the two-dimensional
computations.

Figure 8 shows the current to PASP Plus array #1, mesh interconnect design, under typical space
conditions for different values of the first crossover potential. Figure 9 shows the current to PASP Plus
array #3, space station design, under typical space conditions for different values of the first crossover
potential.

Figure 10 shows how the current computed in this manner compares with laboratory measurements made
on the PASP Plus array #8. Array 8 has a wrap-thru interconnect design.

CONCLUSIONS

We are refining our two-dimensional calculations and examining their limitations. As needed, we will use
other techniques to extend the range of our calculations. The results are continuing to be incorporated
into EPSAT. We look forward to comparing the flight measurements with the calculations. Once our
understanding is validated, the formulas developed can be used to improve the design of solar cells to
minimize complications due 1o this interaction.
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Figure 4.—When a conductor is at a potential above the first crossover of the secondary yield curve
of an adjoining insulator, the insulator surface can develop positive potentials in a phenomena
known as snapover.
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Figure 7. —Current to 1 m along 5 mil thick solar cell edges as a function of applied bias.
Plasma of 1010 m—3 and 0.1 eV. First crossover of 40 V and surface potential of —0.5 V.
The points are the results of Gilbert calculations and the line is a fit.
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Figure 8.—Current to PASP Plus array #1 mesh interconnect design, as a function of
applied bias. Plasma of 1.9 x 1011 m—3 and 0.088 eV. Surface potential of —0.5 V.
Three value of the first crossover of the secondary yield.
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Figure 9.—Current to PASP Plus array #3, space station design, as a function of applied bias.
Plasma of 1.9 x 1011 m=3 and 0.088 eV. Surface potential of 0.5 V.
Three value of the first crossover of the secondary yield.
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Figure 10.—Comparison of model of parasitic current collection with laboratory
measurements for PASP Plus array #8. The environment is 4 x 1011 m3at05eV.
The first crossover potential is assumed to be 25 V.

(Unpublished experimental data courtesy of N. T. Grier of NASA/LeRC.)
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FINAL RESULTS OF THE ADVANCED PHOTOVOLTAIC EXPERIMENT

David J. Brinker
NASA Lewis Research Center
Cleveland, Ohio

and

John R. Hickey
The Eppley Laboratory, Inc.
Newport, Rhode Island

SUMMARY

The Advanced Photovoltaic Experiment was designed to generate laboratory reference
standards as well as to explore the durability of a wide variety of space solar cells. In
addition to the cells, it was equipped with an absolute cavity radiometer to measure solar
intensity, a spectroradiometer to measure the spectral content of this radiation and a sun
angle sensor. Data from the solar cells and various sensors was obtained on a daily basis
during the first eleven months of the 69 month flight. In this paper we compare pre-flight
and post-flight laboratory measurements with on-orbit calibration data. Pre-flight and
post-flight calibration data of the cavity radiometer as well as on-orbit data demonstrated
the accuracy and durability of the Eppley